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ABSTRACT

AN EXPERIMENTAL STUDY ON THE BEHAVIOR OF BOX-SHAPED CULVERTS
BURIED IN SAND UNDER DYNAMIC EXCITATIONS

Ulgen, Deniz

Ph.D., Department of Civil Engineering
Supervisor : Prof. Dr. M. Yener OZKAN
Co-Supervisor : Prof. Dr. K. Onder CETIN

September 2011, 182 pages

Seismic safety of underground structures (culvert, subway, natural gas and water
sewage systems) plays a major role in sustainable public safety and urban
development. Very few experimental data are currently available and there is not
generally accepted procedure to estimate the dynamic pressures acting on
underground structures. This study aims to enhance the state of prevalent
information necessary in understanding the dynamic behavior of box culverts and
the stresses acting under dynamic excitations through experimental analyses. For
this purpose, a series of shaking table tests were conducted on box-type culverts
buried in dry sand. To simulate the free-field boundary conditions, a laminar box was
designed and manufactured for use in a 1-g shake table. Four culvert models having
different rigidities were tested under various harmonic motions in order to examine
the effect of flexibility ratio on dynamic lateral soil pressures. Based on the tests
results, a simplified dynamic pressure distribution acting on sidewalls of the culvert

model was suggested. Then, a dynamic lateral coefficient was defined for the



proposed peak pressure value in the distribution. The values of this coefficient were
obtained as a function of shear strain and relative stiffness between the soil and
underground structure. Finally, a simplified frame analysis approach was suggested
for the assessment of the forces on the structure, to help to carry out a preliminary
design of box-type culverts. In this approach, it was assumed that the culvert was
fixed at bottom and subjected to lateral stresses on sidewalls and shear stresses on
the upper face. For the confirmation of the method, centrifuge tests were conducted
on a box-type culvert model under the Seventh Framework Programme of European
Union with Grant Agreement No.227887. Results show that the proposed simplified
procedure can be used in reasonable accuracy as a practical approach for the

preliminary assessment of box-type culverts buried in dry sand under seismic action.

Keywords: Box-type Culvert, Dynamic Soil Pressure, Shaking Table Test, Centrifuge

Test, Dynamic Soil-Structure Interaction
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KUM iCINDE GOMULU KUTU TiPi MENFEZLERIN DINAMIK HAREKETLER
ALTINDAKI DAVRANISI UZERINE DENEYSEL BIR GALISMA

Ulgen, Deniz

Doktora, ingaat Miihendisligi Balimii
Tez Yoneticisi : Prof. Dr. M. Yener OZKAN
Ortak Tez Yéneticisi : Prof. Dr. K. Onder CETIN

Eylil 2011, 182 sayfa

Yeralti yapilarinin sismik guvenligi (menfez, metro, dogal gaz ve atik su sistemleri)
kamu guvenligi ve kentsel gelisimin surekliligi agisindan 6nemli rol oynamaktadir.
Mevcut deneysel veriler ¢cok az oldugu gibi, yeralti yapilarina etkiyen dinamik
basinglari dngorebilecek genel olarak kabul gérmus bir prosedur bulunmamaktadir.
Bu calisma kutu menfezlerin dinamik davranisini ve dinamik hareketler altinda etki
eden basinglari anlamak icin gerekli olan mevcut yaygin bilgiyi deneysel analizlerle
gelistirmeyi amaclamaktadir. Bu amagla, kuru kuma goémdili kutu menfezlerin
Uzerinde bir dizi sarsma tablasi deneyleri yapilmistir. Saha sinir kosullarini temsil
etmek amaciyla 1-g sarsma tablasinda kullaniimak tzere bir laminar kutu tasarlanip
imal edilmistir. Esneklik oraninin yanal dinamik zemin basinci Uzerindeki etkisini
incelemek icin farkl rijitlikteki dort menfez modeli ¢esitli harmonik hareketler altinda
test edilmistir. Deney sonuclarina dayanarak, menfez modelinin yan duvarlarina
etkiyen basitlestiriimis dinamik basing dagilimi énerilmigtir. Daha sonra, dagilimda

Onerilen maksimum basing dederini hesaplamak icin dinamik yanal basing katsayisi

vi



tanimlanmistir. Bu katsayinin deg@erleri, kayma birim deformasyonu ve zeminle
yeralti yapisi arasindaki rolatif rijitligin fonksiyonu olarak elde edilmigstir. Son olarak,
kutu menfezlerin 6n tasarimininin gergektiriimesinde yardimci olmak tzere, yapinin
Uzerine gelen kuvvetleri degerlendiren basitlestiriimis bir cergeve analizi yaklagimi
Onerilmigtir. Bu yaklasimda, menfezin alt bélimden sabitlenmis oldugu, yan
duvarlarindan yanal gerilmelere, Ustten de kayma geriimesine maruz kaldigi
varsaylimistir. Metodu dogrulamak icin, Avrupa Birligi 7. Cervevi Programi, 227887
no’lu Proje kapsaminda kutu tipi menfez Gizerinde santrifljj testleri yapilmistir. Elde
edilen sonugclar, kuru kuma gomdiliu kutu menfezlerin sismik 6n degerlendirilmesinin
yapilmasi i¢in Onerilen basitlestiriimis prosedurin, makul dogrulukta pratik bir

yaklasim olarak kullanilabilecegini gostermistir.

Anahtar kelimeler: Kutu Tipi Menfez, Dinamik Zemin Basinci, Sarsma Tablasi

Deneyi, Santrifij Deneyi, Dinamik Yapi-Zemin Etkilesimi

Vii



To My Family

viii



ACKNOWLEDGMENTS

| would like to express my deepest gratitude to my thesis supervisor Prof. Dr. M.
Yener OZKAN for his wise guidance in preparation of this thesis and teaching me
the fundamentals of soil dynamics. | would also like to thank him for his general help

and friendly supports.

| would also like to thank my co-supervisor Prof. Dr. K. Onder CETIN for his valuable

supports and comments throughout the study.

The research leading to these results has received funding from the European
Community’s Seventh Framework Programme [FP7/2007-2013] for access to
Laboratoire Central des Ponts et Chaussees under grant agreement no:227887.
European Community’s support under the Seventh Framework Programme is
gratefully acknowledged. Besides, the research was funded by DPT with the BAP
project code: BAP-08-11-DPT2002K120510-COG-05. Support of DPT is also

gratefully acknowledged.

| would like to express my sincere thanks to Asst. Dr. Mehmet OZYAZICIOGLU for

his constant help and guidance during my research.

| would like to thank to Jean Louis CHAZELAS for his support and guidance during

the centrifuge tests.

| would like to send my special thanks to my family for their continious support and

encouragement over the years.

Last at most, | would like to thank to my dear wife, Fatma, for her great support,

understanding and patience during the past two years.



TABLE OF CONTENTS

AB ST RACT ettt e s iv
(4RO Vi
ACKNOWLEDGMENTS ...ttt e iX
TABLE OF CONTENTS ... X
LIST OF TABLES ... .ottt e e Xiii
LIST OF FIGURES ...ttt e e Xiv
CHAPTERS
1. INTRODUGCTION ...ttt e e 1
L T T T = | P 1
1.2 Objective of the StudY ......ccoooii 6
1.3 ThesisS Organization ........ccccoooooii e 8
2. LITERATURE REVIEW ....cooiiiiiiiiiieee et 10
2.1 Seismic behavior of underground Structures..................eeeveeviiiiiiiiiiiiiiiinienn. 10
2.2 Seismic design approaches for underground structures ...............ccccvuvvevneee 11
2.2.1 Free-field ground deformation approach...........cccccoevvvveiiiiiiiiieeniinnnnnn. 11
2.2.1.1 Free-field axial and curvature deformations ...............ccccuuueee 13

2.2.1.2 Free-field shear deformations for circular underground
structures (Ovaling effect) .........cccooviiiii i, 16

2.2.1.3 Free-field shear deformations for rectangular underground

structures (Racking effect) ........coooviieiicc 18

2.2.2 Soil-Structure Interaction Method ... 19
2.2.2.1 Closed form elastic solutions for axial and curvature

deformations ... 19

2.2.2.2 Closed form elastic solutions for ovaling effect....................... 21

2.2.2.3 Racking effect on rectangular underground structures ........... 26

2.2.2.4 Dynamic pressures acting on underground structures............ 41

2.2.2.5 Numerical analyses for design of underground structures...... 42

2.3 Physical modeling of underground structures ..............cccoevviciiiiiiinncceiinnnnnn. 44

2.3.1 Shaking table tests (1-g physical modeling) ..........cccccvvvviiiiiiiiiiinnnnn. 44



2.3.2 Centrifuge TestS......ccooviiiiiiii 52

3. SHAKING TABLE MODEL TESTS ON BOX CULVERTS UNDER

DYNAMIC LOADING.......ccoiiiiiiiec e, 61
3.1 Shaking table test System..........coooviiiiiiiii 61
3.1.1 Motion generating System .........ccouiiiiiiiii e 63
3.1.2 SOOIl CONLAINET ... 65
3.1.3 Friction and boundary effect............ccoooiiiiii . 68
3.1.4 Data acquisition System ..........ocooeiiiiiiii s 69
3.1.4.1 TranSAUCEIS ... .oieiieeeetee et e e 71

3.1.4.2 Signal conditioning ........cccoooeiiiiiiiiiiiiii e, 76

3.1.4.3 Data acquisition card...........ccoooveeiiiiiiiiiiii e 77

3.1.4.4 Data storage and proCessing ........ccceeeuuiiiereiiiiieeeeiiieeeriiineeeens 78

3.1.4.5 MeMDIane. ... ccooo e 79

KIS To I o] o] o 1= A= T RSP 79
3.2.1 PhysiCal Properties .......ccoceeiiiiiiiiieii et e e 79
3.2.2 Dynamic SOIil Properties .........oouvuueiiiieeiiiieicee e 81

3.3 Preparation of model ground ............coooviiiiiiiiiiiiiiiiee 83
3.4 Box-type culvert Models ............ooovviiiiiiiiiiiiiiiii 85
3.4.1 Testing program and procedure for shaking table tests...................... 89

3.5 Results and diSCUSSIONS ........cciiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 9
3.5.1 Boundary effect of laminar boX...........coooooii 91
3.5.2 Determination of flexibility ratio for culvert models....................oooe. 93

3.5.3 Comparison of measured static lateral coefficients with

JaKy’'s fOrrmMUIa ........ee i 95
3.5.4 Maximum acceleration along the depth of ground model.................... 97
3.5.5 Evaluation of displacements and shear strains....................ccccevnnnnenn. 99
3.5.6 Dynamic soil pressures acting on sidewalls of the culverts............... 102
3.5.7 Dynamic pressure distribution .............ccocoiiiiii i 107
3.5.8 Simplified pressure distribution...............ccccciviiiiiiiiii 110
3.5.9 Effect of embedment depth .........oueiiiiiiiii e, 113

3.5.10 Proposed simplified approach for the preliminary assessment of

box-shaped culverts buried in Dry Sand................uvvviiiiiiiiiiiiiiininnn. 114

Xi



3.5.11 Comparison of Proposed Simplified Approach with Closed-Form

S To 11 1T o U URRPPPPRN 120
4. DYNAMIC CENTRIFUGE TESTS ON A FLEXIBLE BOX CULVERT

COMPARISON OF RESULTS WITH SIMPLIFIED APPROACH ..........cccccc...... 122
S T 1 1 o T ¥ T3 1T o PR 122
4.2 Centrifuge test SyStem........ccoiiiiiii e 123
4.2.1 Earthquake simulator ..., 124
4.2.2 SOil CONtAINET ..o 125
4.2.3 Data acquisition system ..o, 126
4.2.3.1 ICP accelerometers........ccoooeeeeeeeiee e 126
4.2.3.2 Strain gauges (Extensometers).........cccoovvveeiiiiiiiiiiiiiicceneeee, 126
4.2.4 Physical properties of the sand............cccccceeeiiiiiiiiiiecc e, 129
4.2.5 Preparation of model ground ..............oooviiiiiiiiiiiiiieee e, 130
4.2.6 Reduction scaling and scale effects ..........cccccvviviiiii 131
4.2.7 Design and manufacturing of the culvert model..............ccccceiiii. 135
4.2.8 Test instrumentation..............ccceiiiiiiiiic 137
4.2.9 TeSt PrOCEAUIE .....uviii ettt e e e e eaaenes 139
4.3 ResuUlts and diSCUSSIONS ......oiiieiiiiiiiiies e e e 141
4.3.1 CPTHESt reSUIS...ovieiii i 141
4.3.2 Free-field test reSUltS........ooovviieiiiiiii e 142
4.3.2.1 Maximum accelerations along the soil profile ....................... 142
4.3.2.2 Evaluation of displacements and shear strains..................... 145
4.3.3 Results of culvert model tests.........coovviiiiiiiiiiiii 147
4.3.3.1 Shear strain ... 147
4.3.3.2 Culvert deformations.........ccoooeeeiiiieieee e, 147
4.3.4 Verification of simplified approach by centrifuge tests ...................... 157

4.3.5 Comparison of centrifuge test results with closed-form solutions
......................................................................................................... 165
5. SUMMARY AND CONCLUSIONS ... 170
REFERENGCGES ... sssssnsssnsnsnnnnnne 174
CURRICULUM VITAE . ettt 181

Xii



TABLES
Table 2.1.

Table 2.2.
Table 2.3.
Table 3.1.
Table 3.2.
Table 3.3.
Table 3.4.
Table 3.5.
Table 3.6.
Table 3.7.
Table 3.8.
Table 3.9.
Table 3.10.

Table 3.11.
Table 4.1.

Table 4.2.
Table 4.3.

Table 4.4.

Table 4.5.

LIST OF TABLES

Free-field strains and curvatures caused by seismic waves

(After John St. And Zahrah, 1987). ....ccoeiiiiiiii 15
Scale factors used for the shaking table test model...................... 51
Scaling Factors for Centrifuge Modeling ............cooooiiiiiiininn., 54
Friction forces of laminar layers.........cc.ccooiiiiiiiiiiiiie, 68

Mechanical and electrical properties of acceleration transducers..71

Specifications of TML KDF-200KPA transducer ...............ccccoen.e. 73
Specifications of Honeywell AB/HP pressure transducer.............. 74
Specifications of displacement transducer ...............ccccooiviiani. 76
Specifications of data acquisitioncard...............ccooeeiiiiiiiiinnan. 78
Physical properties of Cine Sand used in shaking table tests ....... 81
Calculated S1 values for the culvert models..............ccooeeiiinnann.. 86
Testing program applied in shaking table experiments ................. 91

Flexibility ratio values for the culvert models at different input
AaCCelerations........c.oiii i 94
Lateral static earth pressures acting on the culvert models........... 95

Physical properties of the dry Fontainebleau Sand determined by

] I Y o PPN 129
Scaling rules for a 40g centrifugal acceleration. ......................... 133
Centrifuge testing program ............coooiiiiiiiii i, 139

Deformations measured by horizontal extensometers for Test 2
AN TeSt Ba e 154
Average Deformation Along the Sidewalls of the Culvert in

Prototype Scale........couiiiiii 157

Xiii



FIGURES
Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 2.1.
Figure 2.2.
Figure 2.3.
Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure 2.7.
Figure 2.8.
Figure 2.9.
Figure 2.10.

Figure 2.11.

Figure 2.12.

LIST OF FIGURES

Earthquake damage map of Kobe rapid transit railway........................ 2
Shaking table test model .............coooiiiiiii . 7
Shear and lateral normal stresses acting on the culvert model............ 8
Deformation types caused by seismic waves (After Owen and

Scholl, 1982, After Hashash et al., 2001) ..........cccoooiiiieiiiieernn, 12
Displacements due to harmonic shear wave propagating obliquely to
the tunnel axis (After Wang,1993) ........ccoeiiiiiiiiiicce e, 14
Shear distortion for non-perforated ground (After Wang,1993)............ 17
Shear distortion for perforated ground (After Wang,1993) .................. 17
Free-field racking deformation applied on a rectangular underground
structure (After Wang, 1993). .......uuuuiiiiiiiiiiii s 18
Induced forces and moments caused by waves propagation along
tunnel axis (After Power et al., 1996)........ccoooeiiiiiiiii, 21
Induced circumferential forces and moments caused by waves
propagating perpendicular to tunnel axis (Power et al., 1996) ............ 23
Sign convention for axial,shear forces and moments (After Penzien,
2000 25
Racking deformation of soil and structure under s’'mple shear

(After Wang, 1993) ....uueii e 28
Variation of racking ratio with respect to flexibility ratio for rectangular
tunnels (Wang, 1993) ... 30
Variation of racking ratio with respect to flexibility ratio for circular and
rectangular tunnels (Wang, 1993) ........ooiiii i, 30
Simplified frame models for design of underground structures

(After Wang, 1993) a) For deep tunnels b) For shallow tunnels.......... 32

Xiv



Figure 2.13.

Figure 2.14.

Figure 2.15.

Figure 2.16.
Figure 2.17.
Figure 2.18.
Figure 2.19.
Figure 2.20.

Figure 2.21.

Figure 2.22.
Figure 2.23.
Figure 2.24.
Figure 2.25.

Figure 2.26.

Figure 2.27.

Figure 2.28.
Figure 2.29.

Figure 3.1.
Figure 3.2.
Figure 3.3.
Figure 3.4.
Figure 3.5.

Deformation of rectangular cavity subjected to a uniform shear-strain
environment (After Penzien 2000) a) with free-field shear stress

distribution applied to cavity surface; b) with free-field shear stress

distribution removed from cavity surface ..............cccccuvviiiiiiiiiiiiiiiiinns 34
Stiffness coefficient ks,=15, for soil outside of cavity

(After Penzien, 2000). .......coooiiiiiieeie e 34
Stiffness coefficient k, = 1, for rectangular lining (After Penzien, 2000)
........................................................................................................... 35
Racking ratio R versus stifness ratio kg/k, for discrete values of ......... 36
Structure loading and deformations (After, Huo et al., 2006).............. 38
Parameter M and N values (After, Huo et al., 2006) ...........cccevveeeeenn. 40

Parameter L values (After, Huo et al., 2006)............cccoevvviviiiiiiiinnnnnnn. 41
Deformation scheme of obtained from the numerical analyses
(Matsuda and Tanaka, 1996)

General view of model ground and subway model (Che and Iwatate,

Shaking table test model (Matsui et al. 2004)..........cccccceeeiieeiiiiiinnnnnnn. 49
Lateral dynamic pressures along the sidewall and curvature of
SIAEWAIS ... 50

Cracks observed at sidewalls of the two-span RC culvert
(Matsui et al., 2004)......cccceiiiiecee e 50
Vertical stress distribution in a centrifuge model and its

corresponding prototype (Taylor,1995)........cccoooiiiiiiiiiiieiieee, 55
Pipe model and layout of the transducers in centrifuge model test

Soil prism considered in the limit equilibrium stability analysis of the

1] = 3PP 60
Previous shaking table system with rigid box (Cilingir, 2005).............. 62
General view of the modified shaking table system with laminar box..62
The MOOr AMVEN ... e e 63
AC Electrical motor, chain and gear system .............cccooeeeiiiiiie. 64
Rigid shaft and two attached disCS ............coovviiiieiiiiiiiic e, 64

XV



Figure 3.6.
Figure 3.7.
Figure 3.8.
Figure 3.9.

Figure 3.10.
Figure 3.11.
Figure 3.12.

Figure 3.13

Figure 3.14.
Figure 3.15.

Figure 3.16.
Figure 3.17.

Figure 3.18

Figure 3.19.

Figure 3.20
Figure 3.21

Figure 3.22.

Figure 3.23.
Figure 3.24.
Figure 3.25.
Figure 3.26.

Figure 3.27.
Figure 3.28.

Figure 3.29.

Figure 3.30.
Figure 3.31.

General view of [aminar bOX ........ccooviieiiiiiiiiiiii e 66
Linear bearings connected to outside rigid supporting frame.............. 67
Short side of the laminar boX...........cooovviiiiiiii e, 67
Flow diagram for the DAQ System.........cccovvviiiiiiiiiiiiiiiiiiiiiiiieeee 70
General view of the data acquisition system...........ccccccccoeiiiiiiinnnnnnn. 70
Acceleration transducer used in shaking table tests........................... 72
Posititons of acceleration transducer during calibration ...................... 73

Pressure transducers used in shaking table tests, a) Honeywell
pressure transducers b)TML type soil pressure gages...........ccc........ 74
Displacement transducers used in shaking table tests. ...................... 76

Signal conditioning modules and amplifiers a) ADAM strain gage

input modules b) PLCD 772 signal amplifiers ..........ccccccccvvieeeiiienniinnn, 77
Grain size distribution curve of Cine Sand.............cccccvveeeiiiiiiiiiniiinnnnn. 80
Comparison of shaking table test and SHAKE91 results .................... 82

Variation of normalized shear modulus with respect to shear strain ...83
Diffuser with 2.36mm sieve size located on top of the laminar box.....84
Tamping for preparation of sand bed.............cciiiiii 84
Laminar box after filling sand............ccccooiiiiiii 85
Cross sections of the steel culvert models used in shaking table

tests
Schematic illustration of shaking table test instrumentation................ 88
Layout of pressure and acceleration transducers on the box model ...88
General view of a culvert model and mounted pressure transducers..89
Comparison of accelerations recorded at the center and near

container sidewall............ooooii e 92
Closer view of Figure 3.26...........ccooiiiiiiiiiiiiee e, 92
Variation of acceleration amplitude ratio (wall to center) with

respect to input acceleration............ccccooee i, 93
Variation of learth pressure coefficients (K) with respect to depth

FALIO (A/H) e e 96
Layout of the transducers in free-field shaking table tests. ................. 98
Variation of maximum acceleration along the soil profile for

maximum input accelerations (0.05g, 0.07g, 0.11g, 0.17Q)................. 98

XVi



Figure 3.32.

Figure 3.33.

Figure 3.34.

Figure 3.35.

Figure 3.36.
Figure 3.37.

Figure 3.38.

Figure 3.39.

Figure 3.40.

Figure 3.41.

Figure 3.42.

Figure 3.43.

Figure 3.44.

Figure 3.45.

Figure 3.46.

Figure 3.47.

Variation of maximum acceleration along the soil profile for
maximum input accelerations (0.22g, 0.26g, 0.3g, 0.35g, 0.4q,
0.450, 0.5Q) . eeteiieeeiiei e e e e e e 99

Variation of free-field shear strain at culvert depth with respect to
maximum input acceleration..............ccceo i, 100
Displacement time histories recorded by L1 and L2 at 0.11g

maximum input acceleration..............ccoeoiiiiii i, 101
Displacement time histories recorded by L1 and L2 at 0.4g

maximum input acceleration............cccooovveiiiiiiiii e, 101
An example of dynamic pressure record ..........ccccceeeeeeeeiiiiiiiiceeeennn. 103
Maximum dynamic pressure variation with respect to field shear

strain at culvert mid-depth formodel C1..............ccciieeiiiiiie. 103
Maximum dynamic pressure variation with respect to field shear

strain at culvert mid-depth for model C2..............cooviiiiiiiiiiie. 104
Maximum dynamic pressure variation with respect to field shear

strain at culvert mid-depth formodel C3..............ooiiiiii i, 104
Maximum dynamic pressure variation with respect to field shear

strain at culvert mid-depth formodel C4. .............cooviiiiiiiiiie, 105
Maximum dynamic pressure variation with respect to input

acceleration for culvert model C1. .......coovveeiiiiiiiiice e, 105
Maximum dynamic pressure variation with respect to input

acceleration for culvert model C2. ...........oeceiiiiiiiiiicee e, 106
Maximum dynamic pressure variation with respect to input

acceleration for culvert model C3. ... 106
Maximum dynamic pressure variation with respect to input

acceleration for culvert model C4. .............euviiiiiiiiiiiiiiiiiees 107
Schmetical illustration of dynamic couple forces acting on

CUIVEIT DOX e 108
Comparison of dynamic pressure time histories recorded at

upper left corner (UL) and lower left corner (LL). .......ccvvveeeeieiiinnnnn, 109
Comparison of dynamic pressure time histories recorded at

upper left (UL) and lower right (LR) corner. ..............uuvveeivieieiiinnnnnns 109

XVii



Figure 3.48.

Figure 3.49.

Figure 3.50.

Figure 3.51.

Figure 3.52.

Figure 3.53.
Figure 3.54.

Figure 3.55.
Figure 4.1.
Figure 4.2.
Figure 4.3.
Figure 4.4.
Figure 4.5.
Figure 4.6.
Figure 4.7.
Figure 4.8.
Figure 4.9.

Figure 4.10.

Figure 4.11.
Figure 4.12.

An example of lateral dynamic pressure distribution acting

on sidewalls of the culvert model...........cccccooiiiiiiiiiiiiii e, 110
Simplified dynamic pressure distribution acting on the sidewalls of
culvert
Variation of k4 (dynamic lateral pressure coefficient) with respect to
free-field shear strain and IFR (initial flexibility ratio)........................ 111
Variation of k4 (dynamic lateral pressure coefficient) with respect to
maximum input acceleration and IFR (initial flexibility ratio).............. 112

Comparison of dynamic pressure lateral coefficients at embedment

depth ratios of h/H=2 and h/H=3..........ccccccccei i, 114
Simplified frame analysis model .............ccccvviieii i, 115
Maximum shear stress at depth h when the soil behaves as a rigid

0] o T3 117
Comparison of simplified approach’s results with analytical

SOIULIONS e 121
General view of the beam centrifuge at IFSTTAR .........vviiiiiiiininnes 123
Schematic view of the shaker system..............ccccvviiiiiiiiiiiiiiiiiiiiiines 124
General view of the equivalent shear beam box designed by

IFSTTAR o, 125
General view of the extensometer system measuring the lateral
displacement of the side walls. ............cooieiiiii i, 127
Cross section view of the extensometer system measuring the

lateral displacement of the side walls. ............cc..oooiiii, 127
General view of the diagonal extensometer system measuring the
racking deformation...............oooiiiii e 128
Schematical drawing of the diagonal extensometer placed in the
CUIVEIt MOAEI ... 129
General view of CPT device in IFFSTAR. ... 131
Schematic drawing and photo of sand pluviation in IFSTTAR .......... 132
a) Cross section of the culvert model b) Longitudinal section of the
CUIVEIt MOEI ... e 136
Layout of the accelerometers used in the centrifuge tests. ............... 137
Layout of the extensometers inside the culvert model ...................... 138

Xviii



Figure 4.13.
Figure 4.14.
Figure 4.15.
Figure 4.16.
Figure 4.17.
Figure 4.18.
Figure 4.19.

Figure 4.20.

Figure 4.21

Figure 4.22.

Figure 4.23.

Figure 4.24.

Figure 4.25.
Figure 4.26.
Figure 4.27.
Figure 4.28.
Figure 4.29.
Figure 4.30.

Figure 4.31.
Figure 4.32.

General view of the culvert during preparation of centrifuge model ..140

Location of the CPT boreholes .........cccooovvvieiiiiiiiiiiieiicee e 141
Variation of CPT tip resistance along the depth of sail...................... 142
Variation of maximum acceleration along the soil profile .................. 143
Fourier spectra of the acceleration records along the soil profile ...... 144
Layout and numbering of accelerometers used in free-field test....... 146
a) Cyclic horizontal deformations measured at the left sidewall

(Test 2) b) Closer view of deformations measured at the left

Sidewall (TeSE 2) .ouuiuiiii e 148
a) Cyclic horizontal deformations measured at the right sidewall

(Test 2) b) Closer view of deformations measured at the right

Sidewall (TESE2) v e 149
a) Cyclic horizontal deformations measured at the left sidewall

(Test 3) b) Closer view of deformations measured at the left

SIAEWAIl (TEST 3) ..t 150
a)Cyclic horizontal deformations measured at the right sidewall

(Test 3) b) Closer view of deformations measured at the right

SIAEWAIl (TEST 3) .. 151
Comparison of deformations between reciprocal extensometers
located on sidewalls (Test 2 - 3.5Hz - 0.40Q)........cuvrmmmmmmieiriiiiiiiiiinns 152
Comparison of deformations between reciprocal extensometers
located on sidewalls (Test 3 - 3.5Hz - 0.25Q)........cuvvvviiviiiiiiiiiiiiiiinns 153
Racking deformation time history measured inside of culvert ........... 155
Racking deformation time history measured inside of culvert ........... 155
Racking deformations obtained from accelerometer records............. 156
Racking deformations obtained from accelerometer records............ 156
Simplified frame and calculated stresses.............cccoovviiiiieiiieeniiinnn, 160
Sidewall deformation comparison of centrifuge test (Test 2)

results with proposed simplified estimation...............cccccocceeei, 161
Simplified frame and calculated stresses.............ccoovvviiiiiiiiieeniiinnn, 163
Sidewall deformation comparison of centrifuge test (Test 3)

results with predictions of proposed simplified approach.................. 164

XiX



Figure 4.33. Normalized shear modulus reduction curve for clean sand,
O mMT28KPa. .. 166

Figure 4.34. Comparison of analytical solutions and proposed simplified
approach with centrifuge test results for Test 2 ........cccceeeiiiiiiiiinnnnnnn.

Figure 4.35. Comparison of analytical solutions and proposed simplified
approach with centrifuge test results for Test 3 ........cccceeiiiiiiiiiiinnnnnn.

XX



CHAPTER 1

INTRODUCTION

1.1 General

Seismic design and safety of buried structures including pipelines, culverts, subways
and tunnels are crucial requirements for economic and infrastructure development.
In the past, the common belief among the geotechnical engineers was that the
underground structures had been adequately resistant to the seismic forces. For this
reason, in earlier projects, underground structures were not designed in detail to
withstand earthquakes. However, seismic assessment of underground structures
gained more importance after suffering heavy damage from large earthquakes such
as 1995 Kobe, Japan, 1999 Kocaeli, Turkey and 1999 Chi Chi, Taiwan earthquakes.

The 1995 Hyogo-ken Nanbu (Kobe) Earthquake of magnitude M,=6.9 occurred at
the northern part of Awaji island near Kobe, Japan. It was one of the most
destructive earthquakes that caused significant damage to Kobe’s underground
rapid transit system (Figure 1.1) (Sitar et al. 1995). The extensive damage occurred
in Daikai Subway station built by cut and cover technique. It was mentioned that
collapse of the subway and the intense damage was caused by the earthquake
forces. Besides, it was emphasized that no permanent ground deformation or fault

displacement was observed near the station.

lida et al. (1996) presented the observations from Daikai Station after Kobe
earthquake and explained the damage and failure mechanism in the subway tunnel.
It was observed that shear cracks occurred on the walls of station during the
earthquake. The authors pointed out that the relative movement between station

and overburden soil could be the main reason of the collapse.
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Figure 1.1. Earthquake damage map of Kobe rapid transit railway
(Sitar et al., 1995)

Parra-Montesinos et al. (2006) evaluated the collapse of Daikai Subway Station and
focused on the soil structure interaction. Simplified procedures and nonlinear finite
element analyses were performed to understand the dynamic behavior of the
subway station during Kobe earthquake. It was emphasized that the friction between
the structure and soil, soil degradation and relative movement between the soil and
the structure should be taken into account in the design of underground structures
against earthquakes. Besides, in order to resist the larger earthquake-induced
displacements in soft ground, the authors proposed structural elements with higher

ductility.

Wang et al. (2001) assessed the damage mechanism of mountain tunnels exposed
to Taiwan Chi-Chi Earthquake. It was observed that 49 of 57 tunnels suffered
serious cracks in Taiwan. Tunnels buried at shallow depths or near the surface
experienced significant damage as compared to deeply embedded tunnels.
Furthermore, It was concluded that the tunnels should be constructed far away from

the surface slopes and active faults.



Hashash et al. (2001) reviewed the several reported case histories of underground
structures prepared by Duke and Leeds (1959), Stevens (1977), Dowding and
Rozen (1978), Owen and Scholl (1981), Sharma and Judd (1991), Power et al.
(1998) and Kaneshiro et al. (2000). Among the case histories, San Francisco Bay
area rapid transit system, Alameda tubes in California, Los Angeles metro,
underground structures in Kobe / Japan, underground structures in Taiwan and Bolu
tunnel were investigated. Following remarks were suggested by Hashash et al.
(2001) for evaluating the performance of buried structures subjected to earthquake

loading:

1) Buried structures experience less damage as compared to surface structures.

2) Case histories indicate that shallow underground structures are more prone to
earthquakes than are deep underground structures. Less damage was observed as

the tunnel embedment depth increases.
3) Tunnels in soils suffer more damage than tunnels in rock

4) Unlined tunnels are more vulnerable to earthquakes than are lined and reinforced
tunnels. The lining and surrounding ground of a tunnel can be stabilized by grouting

to reduce the earthquake induced damage.

5) Underground structures subjected to symmetrical loading are safer due to the
improvement in soil-structure interaction. If the lining of structure is made stiffer
without improving the surrounding soft soil, the tunnel lining may experience greater
earthquake forces. Stability of shallow underground structures may be increased by

reinforcing and strengthening the surrounding soil.

6) Maximum ground acceleration and velocity may affect the damage levels at the

tunnels which mainly depend on location and magnitude of the earthquake.

7) Earthquake duration has a significant role on the seismic performance of
underground structures. Structures may fail due to the fracture and excessive

deformations.

8) Amplitude of seismic wave may increase when the wave passes through the

tunnel provided that the wavelength ranges from 1 to 4 times of tunnel diameter.

9) Slope failures may cause extensive damage at and around the portal sections.



Earthquake damage on underground structures can be produced by ground failure
and ground shaking. Seismically induced ground failure hazards may refer to
landslides, liquefaction and fault rupture. These hazards occur in a small area and
can cause significant damage on the underground structures due to large
permanent ground deformations On the other hand, damage due to ground shaking
affects a wide region of the buried facility. Ground shaking is produced by seismic
waves including body waves and surface waves. Body waves are categorized as
compressional and shear waves. Shear waves are the most destructive form of
body waves that cause ovaling or racking deformation of underground structures
(Wang, 1993; Hashash et al. 2001). Within the scope of this study, dynamic
response of underground structures was examined by producing vertically

propagating shear waves.

There are several methods for evaluating the seismic design of rectangular
underground structures. Free-field deformation method is the simplest approach.
This approach is based on the assumption that the structure moves in accordance
with the soil during shaking. In other words, strains of the surrounding ground under
seismic waves are directly applied to the rectangular underground structure. The
main deficiency of this approach is the ignorance of soil-structure interaction effect.
Therefore, seismic deformations may be underestimated or overestimated
depending on the relative stiffness between the buried structure and surrounding
ground (Wang 1993). In order to take into account soil structure interaction effect
simplified frame analysis (SFA) methods are proposed by Wang (1993), Penzien
(2000) and Huo et al. (2006). In SFA approach, racking deformations of the
structure are estimated by considering the relative stiffness and those deformations
applied as a static load to compute sectional forces. Both free field and SFA
methods are displacement based approaches and are commonly preferred by

engineers.

Another approach for evaluating the seismic design of underground structures is the
force-based method. In this method, equivalent seismic forces caused by the inertial
force of soil under earthquake loading are estimated. There is not generally
accepted approach to predict the dynamic soil pressures exerted on a culvert. One

widely preferred approach for predicting the dynamic earth pressures acting on the



embedded structures is the Mononobe-Okabe method. It is based on Coulomb’s
active pressure theory and is proposed for earth retaining structures. The dynamic
force is calculated by multiplying the weight of the active wedge with the estimated
seismic coefficient. It is not reasonable to use the Mononobe-Okabe method for
rectangular buried structures since a yielding active wedge usually does not occur in
the surrounding soil during the earthquake. Wang (1993) stated that Mononobe
Okabe approach can be applied to structures having U-section or buried near the
soil surface. He emphasized that as the structure embedment depth increases, the
theory tends to overestimate the racking deformations. Recently, finite element and
finite difference methods have been used for modeling the dynamic response of
underground structures. Numerical analyses can model the complex dynamic soil
structure interaction relationship between the underground structure and the
surrounding soil. However, in numerical modeling, it is very difficult to simulate the
non-linear behavior of soil under earthquake loading. Besides, excessive
computational effort and time is required for convergence, especially for dynamic

soil-structure interaction problems.

There is a lack of experimental data for evaluating the dynamic response of
rectangular underground structures. Thus, more research is required in order to
clarify the seismic effects on buried structure. In this study, 1-g shaking table tests
and centrifuge tests were performed to investigate the dynamic earth pressures
acting on the box-type underground culvert. The effect of relative stiffness between
the buried culvert and surrounding ground was evaluated under harmonic motions.
Moreover, the influence of acceleration on dynamic behavior of underground box-
type culvert was examined. The tests provided a better understanding of the
qualitative behavior of box-type embedded structures subjected to earthquake
loading. As a consequence, the main objective of this study is to make a reasonable
contribution to the preliminary assessment of box-type underground culverts

subjected to dynamic loading.



1.2 Objective of the study

This study focuses on the dynamic response of box shaped underground structures
buried in dry sand. The main objectives of the research can be summarized as

follows:

1) To evaluate and to understand the dynamic pressures acting on the box-type

underground culverts.

2) To study the effects of flexibility ratio and shear strain on dynamic response

of box-type culverts

3) To examine the deformation of the box-type underground culvert by
considering the nonlinear behavior of soil and dynamic soil-structure

interaction.

4) To develop a simplified procedure for the preliminary assessment of box-

type underground culverts under seismic action.

In order to achieve the goals listed above, 1-g shaking table tests were performed
by applying harmonic motions. A laminar box was designed and manufactured for
eliminating the boundary effects in shaking table tests. The experiments were
conducted on four box-type culvert models having different rigidities. The cross
section of the culvert and ground model is given in Figure 1.2. Dynamic motion was
applied only in horizontal direction and accordingly the culvert model was subjected

to vertically propagating shear waves as shown in Figure 1.2.
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Figure 1.2. Shaking table test model

Figure 1.3 shows the shear stresses (t) and normal stresses (o7, on) acting on the
culvert model. The total lateral pressure (o7) acting on the sidewalls can be defined
as the superposition of static pressure (cs) and dynamic pressure (op). Within the
scope of this study, static pressures and dynamic pressures acting on sidewalls
were measured separately. Based on the measurements, a dynamic pressure
distribution was approximated. Furthermore, a simplified approach was developed
for the preliminary assessment of the underground box-type culverts subjected to
dynamic loading. For verification, centrifuge tests were conducted on a flexible box-
type underground culvert and results were compared with the preliminary estimates

of the proposed simplified approach.
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Figure 1.3. Shear and lateral normal stresses acting on the culvert model

1.3 Thesis organization

The dissertation is organized into five Chapters. A brief summary of the thesis

organization is given as follows:

Chapter 1 gives a brief introduction about the significance of design of underground
structures subjected to earthquake loading. The existing gaps and research needs
are identified by considering the limitations and shortcomings of the current seismic
design methods. The main points and objectives of the proposed research are

presented.

Chapter 2 includes an overview of previous researches and presents the theoretical
background for evaluating the dynamic response of underground structures.

Besides, the chapter provides a summary of available analyses methods and



highlights the main factors to be considered in the design of rectangular

underground structures.

Chapter 3 reports the procedure and the results of 1-g shaking table tests conducted
in Middle East Technical University (METU) geotechnical dynamics laboratory. In
this chapter, first, a detailed description of apparatus, data acquisition system and
test instrumentation is provided. Later, the plan and the methodology of the shaking
table tests are summarized. At the end of the chapter, the results obtained from the
shaking table experiments are presented and discussed with the simplified approach

proposed for the preliminary seismic assessment of box-type culverts.

Chapter 4 describes the centrifuge testing facility at IFSTTAR (Institut Francais des
Sciences et Technologies des Transports, de I'aménagement et des Réseaux) and
discusses the findings of centrifuge tests conducted on a flexible box-shaped culvert
model in dry sand. Furthermore, results are compared with the preliminary estimates

of proposed simplified approach for validation.

Chapter 5 presents summary of the dissertation and findings obtained from the 1g
shaking table and centrifuge tests. Major conclusions and limitations of the present

study and recommendations for further research are discussed.



CHAPTER 2

LITERATURE REVIEW

2.1 Seismic behavior of underground structures

Seismic behavior of underground structures is significantly different from that of
above ground (surface) structures which are mainly governed by inertia forces. On
the other hand, underground structures are supported by the surrounding ground
and compelled to move with the surrounding medium during a seismic event. This
movement due to ground deformations causes a stress-strain field on the structure.
Dynamic response of tunnels is categorized by three types of deformations (Owen
and Scholl, 1981):

1) Axial deformation (Figure 2.1(a) and (b))
2) Curvature deformation (Figure 2.1(c) and (d))

3) Ovaling and racking deformation (Figure 2.1(e) and (f)).

Axial deformations are produced by the P-waves propagating parallel to the tunnel
axis. The tunnel is under tension and compression during the passage of P-waves
If the wave propagates normal to the tunnel axis there will be a hoop deformation in
the tunnel cross section provided that the tunnel diameter is larger than the
wavelength. In most cases, tunnel diameter is relatively short and therefore the
tunnel is not exposed to high seismic stresses (St. John and Zahrah, 1987). Axial
and curvature deformations are generally considered in the longitudinal direction
along the tunnel axis during the design process (Wang, 1993). Ovaling and racking
deformations occur when the tunnel is subjected to vertically propagating seismic
waves. Wang (1993) mentioned that the tunnels are analyzed in transverse direction

for determining ovaling and curvature deformations.
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2.2 Seismic design approaches for underground structures

The standard method for evaluating the seismic stability of underground structures
had been the pseudo-static method of analyses. Then, with the advent of dynamic
analysis procedures, the seismic safety under earthquake loading have been
successfully evaluated by using the numerical methods. In numerical methods,
dynamic non-linear soil structure interaction is taken into account, but it is more
complex and requires significant computational effort. In addition to these design
methods, in order to understand the dynamic behavior of buried structures, model
tests are performed. There are basically two types of model tests namely; 1-g

shaking table tests and centrifuge tests.

2.2.1 Free-field ground deformation approach

Free-field ground deformation method is a practical and effective technique used in
the preliminary seismic design of underground structures. In this approach, it is
assumed that the underground structure moves in accordance with the surrounding
ground during a seismic event. In other words, there is no interaction and relative

movement between soil and the underground structure.

In the analyses, ground strains are calculated when there is no structure in the site.
Those strains are then directly applied to the underground structure and accordingly
deformations are computed for that structure. True values may be obtained when
the rigidity of the structure is same with the soil. Otherwise, deformations may be
underestimated or overestimated when the structure is more flexible or rigid relative

to the surrounding ground (Hashash et al., 2001).
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2.2.1.1 Free-field axial and curvature deformations

Newmark (1968) proposed analytical procedures to estimate the free-field strains by
using the theory of wave propagation in elastic, homogeneous and isotropic media.
Based on the Newmark approach, St. John and Zahrah (1987) developed
formulations to describe axial and curvature strains caused by seismic waves.
These formulas are shown in Table 2.1. Explanations of the parameters in Table 2.1

are as follows:

V,: Peak particle velocity due to P-wave (Compression wave)
c,: P-wave velocity

V,: Peak particle velocity due to S-wave (Shear wave)

Cs: S-wave velocity

Vip: Peak particle velocity due to Rayleigh wave

cr: Rayleigh wave velocity

¢ : angle of incidence with respect to the tunnel axis

ap: peak particle acceleration due to Pwave

as: peak particle acceleration due to Swave

apr: peak particle acceleration due to Rayleigh wave

St. John and Zahrah (1987) and Power et al. (1996) simplified the tunnel structure
as an elastic beam for obtaining the strains in Table 2.1. Total axial strains were
obtained by superposing the longitudinal strains caused by the axial and curvature

deformations as given in the following equations:

vV Ra
Eap :C—Scosz¢+—§sin¢cos2¢ for P waves (2.1)
S Cp
V.. Ra
£, =—-singcosg+—=>cos’ ¢ for S waves (2.2)
C C

N N
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V Ra, .
Eopr = —COS” P+ —§s1n¢cos2 ¢  for Rayleigh waves (2.3)

where R represents the radius of the tunnel section. Free-field deformations caused
by harmonic waves propagating obliquely to the tunnel axis are illustrated in Figure
2.2. In this figure, L represents the shear wave length, ¢ is the angle of incidence
and D is the displacement amplitude of harmonic wave. In the design process, it is
very difficult to determine the angle of incidence. Hence, to be on the safe side, the

most critical angle is usually used to obtain the maximum strains (Wang, 1993).

L Direction of
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L2~ Dsing

»
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Dcosd
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Figure 2.2. Displacements due to harmonic shear wave propagating obliquely to the
tunnel axis (After Wang,1993)
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Table 2.1. Free-field strains and curvatures caused by seismic waves (After John St. And Zahrah, 1987)

Gl

Wave Type Longitudinal Strain Normal Strain Shear Strain Curvature
V 1 a, .
g, =—"cos’ ¢ =—Lsin’ ¢ y =—Lsingcosg —=—2singcos’ ¢
Cp Cp Cp P Cp
P-wave
v, v, 1 a, 015
&, =—— for p=0° =—L for p=90° 14 — =0.385—— for $=35°16
¢p ¢p Vm = L for p=45° P ¢p
2c,
V. . . V a
g, =——singcosg *sin ¢ cos @ y=—cos’ ¢ K :—‘z‘cos3 @
c c c
S-wave * : * *
V V V a
&, =—= for p=45 =—" forp=45° | y,, =— for p=0° K, =—— for$=0°
2c, 2c, c, c,
- v Vep . Vep . App .
o | &g="Lcos’y =2 sin’ ¢ y =L singcosg K =—-singcos’ ¢
S @ Cr Cr Cr Cr
7] c
o o
g 2 v V V a
o E
S E S | ém =L for p=0° =2 forp=90° | y,, = forp=45° | K, =0.385—"" for p=35°16’
2 o Cr Cr Crp Cr
=
2 V V a
o =B & — RS — RS 52
3 - = sin ¢ 4 . cos¢ K 2 cos” ¢
4 = g R R R
2 ©
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2.2.1.2 Free-field shear deformations for circular underground

structures (Ovaling effect)

In circular underground structures, ovaling deformations occur due to seismic waves
propagating normal to the structure axis. These deformations may be caused by
different types of waves propagating horizontally, vertically or obliquely. In general,
underground structure design against ovaling effect is led by the vertically
propagating shear waves which produce the most critical deformation mode of the

structure lining (Wang, 1993).

Wang (1993) investigated the shear distortion of the surrounding soil for perforated
and non-perforated ground (Figure 2.3, Figure 2.4). Maximum diameter strains for

these two cases are derived as:

AD = _7‘“;“ (non-perforated ground) (2.4)
D 2
% =12y (I-v, ) (perforated ground) (2.5)

where D is diameter of the tunnel, Yma is maximum diameter strain, AD/D is

diametric strain and v,, is Poisson’s ratio of soil.

Equation 2.4 and 2.5 indicate that the non-perforated shear deformations are
approximately two or three times more than the perforated grounds. Maximum shear
strains calculated by these equations are valid for the surrounding ground when
there is no structure in the field. Perforated ground calculations are reasonable
when the rigidity of the underground structure is less than the surrounding ground. If
the ground stiffness is same with the stiffness of underground structure, shear

distortion will be well represented by non-perforated ground deformation approach.
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2.2.1.3 Free-field shear deformations for rectangular underground

structures(Racking effect)

Racking type of deformation has the most significant effect on the response of
underground structures subjected to seismic waves. Free-field deformation analysis
is the simplest way for the evaluation of racking deflections. In this approach it is
assumed that deformation of the structure is equal to the free-field racking deflection
as illustrated in Figure 2.5. Analytical solutions given in Table 2.1 or one
dimensional ground response analysis program such as SHAKE can be used for

estimating free-field deformations.
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Figure 2.5. Free-field racking deformation applied on a rectangular underground structure
(After Wang, 1993)
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2.2.2 Soil-Structure Interaction Method

Dynamic response of the underground structures is strongly dependent on the
soil-structure interaction effect. Dynamic soil-structure interaction effect is governed
by the relative stiffness between underground structure and surrounding soil.
Free-field deformation approach ignores this effect and cannot represent the actual
behavior when the structure is too rigid or flexible with respect to the ground. Closed
form solutions and design procedures of underground structures are described in

the following sections.

2.2.21 Closed form elastic solutions for axial and curvature

deformations

These solutions are specifically developed for the circular underground structures.
St. John and Zahrah (1987) proposed elastic solutions for predicting the forces
acting on tunnels during a ground motion. Free-field axial and curvature
deformations were derived by using wave propagation theory. Elastic beam theory
was applied by considering the soil-structure interaction effects. However, dynamic
soil-structure interaction effect was not included in these elastic solutions due to
quasi-static approximation. Forces and moments exerted on structure were
calculated based on the assumption that the beam behaves as an elastic beam on
elastic foundation. Figure 2.6 indicates the induced forces and moments in tunnel

lining due to seismic waves.

Maximum shear forces, axial force and bending moments were derived as follows
(St. John and Zahrah, 1987):

19



i) Maximum shear force:

(2l)3 El[cA
V. = 2.6
max [C (271_) ( )
K
i) Maximum axial force:
CEVE A
Omax = (2.7)
IC 2z,
( )?
iii) Maximum bending moment:
(%)ZEIICA
M. = (2.8)
max IC 271,
( )
where,
K}, = Horizontal foundation modulus of the soil
K, = Axial foundation modulus of the soil
I = Moment of inertia of the tunnel.
A = Free-field displacement response amplitude of a harmonic shear wave
Ka and K, is defined by:
K =K, = 162G(1-v)d (2.9)
(3-4v)L

where, G is the shear modulus, d is the diameter of the tunnel, L is the wavelength

and v is the Poisson’s ratio of the soil.
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2.2.2.2 Closed form elastic solutions for ovaling effect

Many researchers studied the ovaling effect of seismic waves on the underground
structures during an earthquake. Schwarz and Einstein (1979), Wang (1993),
Penzien (2000) and Bobet (2003) proposed to estimate the thrust, moments and
displacements in tunnel lining due to ovaling deformations. Relative stiffness is
represented by defining compressibility and flexibility ratio (Hoeg 1968, Peck et al.
1972). Equations for the compressibility, C, and flexibility ratio, F, are given as

follows:

_ E(0-v)R
Et(1+v,)(1-2v,)

(2.10)
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_E(1-vHR’
6E I(1+v,)

where,

Es=Elasticity modulus of the soil

E,=Elasticity modulus of the tunnel lining

vs=Poisson’s ratio of the soil

v| = Poisson’s ratio of the tunnel lining

R= Radius of the tunnel lining

t= Thickness of the tunnel lining

[=Moment of inertia

(2.11)

Friction between the ground and structure was modeled for two conditions; full slip

and no slip condition. Both cases are usually taken into consideration and the most

critical one is used for assessing the deflections, moments and maximum thrusts.

Forces and moments caused by seismic waves propagating perpendicular to tunnel

axis is shown in Figure 2.7.

For full slip condition, diameter strain, maximum thrust T.., mMaximum bending

moment M. were expressed as follows (Wang, 1993):

AD 1
= i_I<1]-7]/max
D 3

E
T;nax = ilI<1 * R]/max
6 (A+v,)

E

N

Mmax = ilI<1
6 (d+v,)

Rzymax

1240 -v))
2F +5-6v,

1

(2.12)

(2.13)

(2.14)

(2.15)
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where, K; is lining response coefficient.

bt3

h =77

Al - bt
b, = 1 unit

Figure 2.7. Induced circumferential forces and moments caused by waves propagating
perpendicular to tunnel axis (Power et al., 1996)

For no-slip condition, maximum thrust was given by (Hoeg, 1968; Schwartz and
Einstein, 1980; Wang, 1993):

E
T.=%tK,7  R=*K,——R
max 2 ¥ max 2 2(1+VS) ymax (216)

[F(1—2v5)—(1—2VS)C]—l(1—2vs)2 +2
K, =1+ 2

(2.17)

Fl3-2v,)+(1-2v,)C]+ CB— v + 6vf} +6—8v,

where, K is lining thrust response coefficient. Solutions of maximum moment and

displacement were not given for no-slip condition. Deflections and maximum
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moments calculated in no-slip solution are more conservative according to full-slip
model results. Thus, to be on the safe side, it was suggested to use no-slip
assumption for estimating the maximum moment and deflection of a circular tunnel
lining. Full slip solution of a circular tunnel under simple shear condition leads to an
underestimate of maximum thrust. Therefore, no-slip approach should be applied in

order to evaluate the maximum lining thrust (Wang, 1993).

Penzien and Wu (1998) and Penzien (2000) proposed similar elastic solutions to
assess the response of circular tunnel lining. Assuming full slip conditions, solutions

for thrust, Ty, moment, My and shear V, are presented below:

T(e)==—-1§f§£éi—;cos2(9-+ff) (2.18)
D (1-v,) 4
E A"
M(0) = —%cosz(mﬁ) (2.19)
D*(1-v,) 4
V@ﬂ:—iﬁﬂgﬁTane+ﬁ) (2.20)
D (1-v,) 4

where, D is outside diameter of the circular lining, A" is the lining diametric
deflection and 6 is the angular position. Figure 2.8 shows the forces and moments
acting on circular lining. Diameter change of the lining due to soil-structure

interaction is expressed as:
A =iR”Aﬁ- (2.21)

where, Ay is free-field deformation, R is lining soil racking ratio and o is the stiffness

ratio which can be given as:

LA-vy)
(o +1)

(2.22)
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Figure 2.8. Sign convention for axial,shear forces and moments (After Penzien,
2000)

Recommended analytical solutions by Penzien (2000) for no-slip condition are as
follows:

24E, IA
P(O)=—— "1 cos2(0+7) (2.24)
6E, IA P
M(O) = ———120_cos2(0+ % 225
O = oo 5 eos 2O+ (2.25)
24E IA T
V(0)=——""1_sin2(0+= 2.26
O ==, 20+ ) (2.26)
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For no slip condition, Bobet (2003) proposed the following equations:

T=(- C3)Rz'cos2(9+Z) (2.27)
M= ;(1+ C, +C, )Rzrcos2(¢9+%) (2.28)
where,

Ca-vyC" +4]
F*

(1-v)*C" +(1-vy)

(1-v)2C +(1-v)B—-2v,)+ [A-v)(5- vs)* +4G-4v,)]
F
1 (1- C*_z_c 1— C* 4
R 2[(* )C +dv, ] (2.30)
3 (1-v,)C +2

2.2.2.3 Racking effect on rectangular underground structures

Racking is the main effect governing the design of rectangular underground
structures. This action is caused by the seismic waves propagating perpendicular to
the tunnel axis. Racking deformations of the underground structures are strongly
dependent on the soil-structure interaction. This interaction is mainly affected by the
relative stiffness between the underground structure and the soil. Other factors
affecting the seismic performance of rectangular underground structures can be

given as follows (Wang, 1993):

-Structure type and dimensions
-Ground shaking

-Depth of the underground structure
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Simplified procedures were proposed by Wang (1993), Penzien (2000) and Huo et
al. (2006) so as to design rectangular underground structures exposed to seismic

ground motions. These procedures are given in the following sections.

i) Simplified procedure of Wang (1993)

Wang (1993) defined the shear strain and flexural stiffness of a soil element

(Figure 2.9) under simple shear condition as follows:

v, :%:Gi (2.31)
r_ A/TH =G (2.32)
Vs

Where, A is the racking deformation, H is the height of the structure and t is the
simple shear stress and G is the shear modulus of the soil. Considering that the
rectangular underground structure is distorted under same shear stress, Wang
(1993) obtained a concentrated force P and proposed following equations for

estimating shear strain of the underground structure:

P4

A

_—_——— = 2.33
%= HS, HS (2.33)
r__ T _S5H (2.34)
y. A/H L

where L is the width of the structure and S is the force required for unit racking
deformation of rectangular underground structure. If Equation 2.33 is divided by
Equation 2.35, the flexibility ratio, F, representing the relative stiffness between the

rectangular underground structure and the soil is calculated as:

F=—s (2.35)
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Ground Surface

Soil column
Under simple shear

Rectangular soil
element

Figure 2.9. Racking deformation of soil and structure under s’mple shear (After Wang, 1993)
a) Free-field deformation of soil
b) Racking deformation of rectangular underground structure

The flexibility ratio can be found by conducting simple frame analysis for any type of
rectangular underground structure. In order to calculate the flexibility ratio of a single

frame, following equation is proposed by (Wang, 1993):

_G(Hw  HW?
24| EIy,  Elg

(2.36)

where, E is the elastic modulus of the structure, H is the height and W is the width of

structure, ly is the moment of inertia for side walls and Ir is the moment of inertia
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for upper and lower slabs. Physical meaning of the flexibility ratio can be described
as follows (Wang,1993;Hashash et al. 2001):

e For F=0 condition: Since the structure is infinitely rigid, it will not be deformed

under seismic waves.

e For F<1 condition: The underground structure is more rigid as compared to

surrounding soil. It will deflect less than the surrounding soil during a seismic event.

e For F=1 condition: Stiffness of the structure and the ground is equal to each other.
This means that the underground structure conforms to free-field ground

deformations.

e For F>1 condition: Structure is more flexible as compared to surrounding ground.

Hence, It will deflect more than the surrounding ground.

e For F=00 condition: Since the structure is infinitely flexible, it acts like a perforated

ground under dynamic excitations.

Wang (1993) performed finite element analyses in order to investigate the soil-
structure interaction effect on dynamic response of underground structures. In the
analyses, a detailed numerical modeling study was performed by considering the
factors such as flexibility ratio, structure geometry, input motion characteristics and
tunnel embedment depth. Results showed that flexibility ratio is the main factor to be

considered in the design of underground structures.

Variation of racking ratio, R, was plotted with respect to flexibility ratio in Figure 2.10
(Wang 1993). This figure shows that racking ratio increases at a decreasing rate
with flexibility ratio. In the design process, if free-field deformations are estimated,
structural racking deformations can be easily determined by using the Figure 2.10.
Wang (1993) compared the racking ratios of circular and rectangular tunnels for a
given flexibility ratio (Figure 2.11). Based on this comparison the author suggested
that the charts proposed for circular underground structures may be used as an

upper bound for rectangular underground structures.
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Figure 2.10. Variation of racking ratio with respect to flexibility ratio for rectangular tunnels
(Wang, 1993)
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Figure 2.11. Variation of racking ratio with respect to flexibility ratio for circular and
rectangular tunnels (Wang, 1993)
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Wang (1993) proposed simplified frame analysis models for deep and shallow
tunnels. The author mentioned that racking deformation of a deep tunnel is mainly
caused due to shear force acting on the interface between upper slab and soil.
Hence, a simplified frame with a pseudo-concentrated force (Figure 2.12a) was
proposed for modeling the dynamic response of structure under racking
deformation. For a shallow tunnel, shear force has relatively little effect on the
racking deformations due to smaller overburden pressure. It was estimated that the
racking deformations were caused by lateral pressures acting on the side walls.
Thus, a triangular pressure distribution (Figure 2.12b) was suggested for the design
of shallow rectangular underground structures against racking. Wang (1993)
recommended the following design procedure for rectangular underground

structures:

1) Determine the soil properties from field and laboratory tests.

2) Specify and assess the important parameters related to earthquake such as

magnitude, maximum ground acceleration and site-specific design spectra
3) Perform static analysis for the preliminary assessment of underground structure.

4) Predict the free-field soil deformations (Ax) at mid-depth of the structure by
applying Newmark method or one dimensional ground response analysis. Newmark
method is appropriate for the deeply tunnels embedded in homogeneous soil. For
shallow tunnels buried in heterogeneous soil, one dimensional ground response

analysis should be used.
5) Find the flexibility ratio using the Equation 2.35.
6) Determine the racking ratio, R from Figure 2.10 and Figure 2.11.

7) Compute the racking deformation (A;) of underground structure by multiplying the

free-field deformation by racking coefficient A;=RAx

8) Perform structural analysis by applying the racking displacement on simplified

frame models shown in Figure 2.12 and obtain internal member forces.

9) Apply loading criteria given for maximum and operating design earthquake and

make a design.
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Main assumptions and limitations from the study of Wang (1993) can be

summarized as follows:

-Equations for estimating the relative stiffness between the soil and underground

structure are given for elastic structures with rigid connections.

-Thickness of the overburden soil changes between 4.5 and 7m. Finite element

analyses were performed only for this range.
-Soil is homogeneous and the models have a rigid base.
-No-slip occurs on the soil-structure interface.

-Transmitting boundaries were used to reduce the boundary effects.

Pseudo mmmmpy

Concentrated
Force

Pseudo-Triangular
Pressure Distribution

Figure 2.12. Simplified frame models for design of underground structures (After Wang,
1993) a) For deep tunnels b) For shallow tunnels
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ii) Simplified procedure of Penzien (2000)

Penzien (2000) proposed a simplified approach for estimating the racking
deformation of rectangular underground structures. In this methodology, it is
assumed that the wavelength of the motion is larger than the height of the tunnel
and inertia effects due to soil structure interaction are negligible. On this basis,
racking deformation of rectangular underground structure was evaluated under

constant shear stress and quasi-static conditions.

Figure 2.13 represents the deformation of a rectangular cavity under simple shear
stress. In this figure, y¢ is the free-field shear strain and y. is the cavity shear strain.
When the shear stress, 1, acting on the cavity is removed, y. can be found by using

the Equation 2.37 and 2.38. Equation 2.38 is an approximate relation for estimating

racking ratio which is originally developed for determining the racking ratio of circular

cavity.

y.=%Pry (2.37)
where

f=4(1-v) (2.38)

where v; is the Poisson’s ratio of the soil.

Soil and lining stiffness coefficients, ks, and k;, were defined to investigate the soil-
structure interaction under free-field shear strain. Unit racking deflection of the soill
surrounding cavity and the lining are indicated in Figure 2.14 and Figure 2.15
respectively. Lining stiffness, k,, can be determined by performing frame analysis

under simple shear loading (Penzien 2000).
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Figure 2.13. Deformation of rectangular cavity subjected to a uniform shear-strain
environment (after Penzien 2000) a) with free-field shear stress distribution applied to
cavity surface; b) with free-field shear stress distribution removed from cavity surface

Figure 2.14. Stiffness coefficient ks,=Ts, for soil outside of cavity (After Penzien, 2000).
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Figure 2.15. Stiffness coefficient k| = 7, for rectangular lining (After Penzien 2000).

Soil stiffness coefficient ks, can be calculated by using the following equation:

G

S

k = s
» = G av)H (2.39)

where, G;is the shear modulus of the surrounding soil and the H is the height of the

structure. A second soil coefficient acting on the outside of the soil is defined as:

Q

k,=—* 2.40
W (2.40)

Using the derived soil and lining coefficients, Penzien (2000) obtained the following

relationship for estimating racking ratio:

_4d-v))
l+a,

R (2.41)

where
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a, :(3—4us)l]§l (2.42)

St

Penzien (2000) presented the variation of racking ratio with respect to stiffness ratio
for different values of Poisson’ ratio vs, 0.4 and 0.5 (Figure 2.16). It was observed
that Penzien’s (2000) approach give closer results to the dynamic finite element
solutions (filled triangular symbols in Figure 2.16) of Wang (1993). Based on the
comparison given in Figure 2.16, Penzien (2000) mentioned that inertia of the
structure may be negligible when assessing the racking deformation of rectangular
underground structures. Besides, the author pointed out that “the normal stresses
produced on lining surface during its interaction with the soil have a secondary effect

on racking of the lining”.

2.5

VS=O'4 /

—__— % v=05
" e V

R /
1

F(ksi/kl)
Filled triangular symbols:
Finite element dynamic solution (Wang, 1993)

Figure 2.16. Racking ratio R versus stifness ratio kg/k, for discrete values of
Poisson’s ratio v (After Penzien, 2000)
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iii) Simplified procedure of Huo et al. (2006)

Huo et al. (2006) proposed a closed-form solution depending on the relative
stiffness and on geometry of underground structure. Differently from the studies of
Wang (1993) and Penzien (2000), Huo et al. (2006) considered the lateral stresses
acting on the sidewalls. A uniform shear stress distribution and a linear normal
stress distribution were estimated for the simplified solution. Shear and normal
stress distributions and the structure deformations are illustrated in Figure 2.17.

Assumptions and limitations of the solution are given as follows:

1) Deeply buried rectangular underground structure in homogeneous and isotropic
soil

2) Plain strain conditions are valid.

3) Soil and the structure remain in elastic range under seismic loading.

4) Only bending deformations in structural frame members are taken into account.

Huo et al. 2006 provided the following methodology for design of underground

structures:

1) Internal dimensions of the opening, a and b, are specified for the condition a>b.
2) Shape ratio, A (A=a/b), is determined with the mathematical parameter k. For a
square underground structure A=a/b=1, k is 0.25.

3) Stiffness ratio, Q, is computed by using the following equation

E I

Q: Str— str (243)
Gb’

where,

Es = Elastic modulus of the underground structure
Ist = Moment of inertia of the underground structure

G; = Shear modulus of the soil
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Figure 2.17. Structure loading and deformations (After, Huo et al., 2006)

4) For a simple structure, deformation of the structure due to shear stress (A.,) and

deformation of the structure due to a linear normal stress distribution (Ap i) can be

obtained by Equation 2.44 and Equation 2.45. Otherwise, structure analysis is used.

2 { Ao, } yl { 34, 2 }
L ED (D, (EDy | 2ED,|2ED, (EDy (2.44)
T 24 2 1 34
+ +
(EI), (ED), (EI),

A

2 {’1+1}+ 2 [7z+5}
N 45(EI), | (EI), I(EI)W 1480(EI)S/1 2EI,  (ED), .45

+ +
3(El), 6(El), 2(EI),
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For a rectangular underground structure having slabs and walls with equal stiffness,

and no central column,

. :M Ab* (2.46)
T 24E 1
_AE A (2.47)
o 60E,],

where,

(E=Bending rigidity of central columns.
(Els=Bending rigidity of the upper and lower slabs.
(El'w=Bending rigidity of the side walls.

5) Parameters M,N and L are determined from the charts given in Figure 2.18 &
Figure 2.19.

6) Racking deformation of the rectangular underground structure is found by using
Equation 2.48.

Am _ GAW _ (1 _Ui) NA l_ +(MA [_ +A [_)L]Q (2.48)
b P2 P2 ¢ b

Ay 1y

Analytical solution was verified with the numerical analyses and compared with the
studies of Wang (1993) and Penzien (2000). For flexibility ratios larger than 2, the
analytical solution gives larger deformations with respect to Wang (1993) and
Penzien (2000) approaches. The difference may be due to following reasons (Huo
et al., 2006):
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-Wang (1993) used beam elements in finite element models. These elements with
rigid connections which can limit the deformations of the ground. Solutions of
Wang (1993) did not taken into consideration the inertia effects. These effects are

not considered in a pseudo-static approach.

- A rectangular opening is assumed as a circular opening in Penzien’s (2000)

solution.
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Figure 2.18. Parameter M and N values (After, Huo et al., 2006)
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Figure 2.19. Parameter L values (After, Huo et al., 2006)

2.2.2.4 Dynamic pressures acting on underground structures

There is not generally accepted procedure for estimating the dynamic earth
pressures acting on underground structures subjected to ground motions.
Mononobe-Okabe (1929) approach is widely preferred by engineers to determine
the dynamic soil pressures. This approach was specifically given for the seismic
analysis of retaining walls. It assumes that there is a definite active wedge failure
surface behind the wall. However, an underground structure moves with the
surrounding ground, accordingly no wedge occurs during seismic motion. Thus,
assumptions and simplifications of Mononobe-Okabe method results in illogical

findings for design of underground structures (Hashash et al., 2001).
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2.2.2.5 Numerical analyses for design of underground structures

Numerical analyses methods have some advantages compared to other approaches
for evaluating the dynamic response of underground structures. Complicated
geometries and ground conditions can be modeled during the analyses. Soil-
structure interaction effect is well represented and the nonlinear behavior of the soil
can be taken into consideration in this approach. The main disadvantage of this
method is the complex and time consuming analyses. Several studies have
investigated the dynamic stability of underground structures by using numerical
methods. Mostly, finite element and finite difference methods have been applied in
these studies by using computer software programs, such as FLUSH, ABAQUS and
FLAC.

Matsuda and Tanaka (1996) investigated the damage of Kamisawa station
collapsed during the 1995 Hyogoken-Nambu earthquake. The authors applied two-
dimensional finite element analyses in order to evaluate the seismic stability of the
underground structure. Analyses results showed that the wall deformation of the
underground structure coincided with the deformation of surrounding soil
(Figure 2.20). Besides, it was concluded that the main cause of the damage is the
larger shear stress at intermediate columns. The authors suggested conducting

three-dimensional seismic response analysis to obtain more representative results.

Gomez Masso and Attala (1984) conducted numerical analyses for several
simplified tunnel models. It was pointed out that the simplified methods lead to
conservative results. Sweet (1997) performed linear and non-linear analyses in
order to evaluate the dynamic response of Los-Angeles Metro System. Results
showed that racking displacements obtained from non-linear analyses are larger
than that of linear analyses (Hashash et al., 2001). Navarro (1992) conducted
numerical analyses by using the finite element program FLUSH. The pressure
distributions obtained in the study did not represent the thrust predictions of
Mononobe-Okabe. Furthermore, it was mentioned that the dhear stresses obtained
from vertically propagating shear wave were much higher than those due to

Rayleigh and P-waves.
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Figure 2.20. Deformation scheme of obtained from the numerical analyses (Matsuda and
Tanaka, 1996)

Park et al. (2006) evaluated the dynamic response of a tunnel in Bangkok MRT
subway. FLAC? finite difference software package program was used to perfrom
numeric analyses. Moments and thrusts calculated from the Wang (1993) and Bobet
(2003) were slightly higher than the numerical findings. Results obtained from
Penzien’s (2000) solution were underestimated. Bagherzadeh and Ferdowsi (2009)
modeled the Esfahan metro tunnels subjected to earthquake loading by using finite
difference numerical approach. Findings of dynamic analyses were compared with
the findings of analytical solutions proposed by Wang (1993) and Penzien (2000).
Calculated moments by numerical analyses were in close agreement with the
moments obtained from Wang (1993) and Penzien (2000) analytical approaches. It

was emphasized that Penzien’s (2000) solution underestimates the axial forces.

Huo et al. (2005) carried out finite element analyses to evaluate the dynamic
behavior of underground structures by considering the soil-structure interaction. For
this purpose, the authors investigated dynamic response of Daikai subway station

failed due to Hyogoken-Nambu earthquake. Numerical model was prepared and
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analyzed by the finite element tool ABAQUS. The results from the dynamic analyses

were quite interesting. Following conclusions were derived based on these results:

1) Transferring a free-field deformation to the structure depends on the relative

stiffness and the interface friction between structure and ground.

2) Freestanding columns of buried structures are very vulnerable to small

deformations like aboveground structures.

3) If the structure is more rigid than the ground, it prevents the movement of the
surrounding soil during the dynamic excitation. Thus, surrounding soil deform less

than free field and accordingly shear modulus exhibits little degredation.

4) If the friction between the underground structure and surrounding soil is large,
shear stress will increase and shear modulus degradation will reduce. If there is no
friction shear stress, shear stress will be zero, thus, high normal stresses will occur

at the interface.

2.3 Physical modeling of underground structures

2.3.1 Shaking table tests (1-g physical modeling)

Shaking table test modeling (1-g Physical modeling) systems has been used by
many researches to evaluate the dynamic responses of geotechnical structures. The
system has three main parts, namely the shaker (generates dynamic motion),
shaking table and container. Harmonic or real earthquake motions can be applied by
different type of shakers such as electrical or hydraulic actuators. Shaking table is
the platform that transmits the dynamic motion to the container. Laminar box is an
ideal flexible container to be used in shaking table and centrifuge tests. It consists of
several horizontal layers that can move easily with the movement of soil inside.
Shapes of the most common used laminar boxes are either circular or rectangular.

Choice of shape of the laminar box is mostly related with the geotechnical structure
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to be analyzed. For pile foundation analyses a circular box may be better, but for
underground structure analyses, a rectangular one is more suitable to represent the

plain strain conditions.

Large shaking table test is more appropriate for the analyses of the geotechnical
structures subjected to seismic waves. However, design and fabrication of a large
shake table is difficult due to economic reasons. 1-g shaking table tests on reduced
scale models cannot model the stress-strain behavior due to the low stress field in
soil container. Thus, these tests are mostly used for clarifying the complex behavior
of geotechnical structures subjected to seismic motions. Few researchers performed
1-g shaking table tests for evaluating the load transfer mechanisms, failure types

and effect of different parameters.

There are several factors affecting the performance of the laminar box. Prasad et al.
(2004) investigated the efficiency of the laminar box used in 1-g shaking table tests.
Authors explained the design and calibration of a rectangular shaped laminar box.

Calibration of the laminar box was made by considering the following factors:

-Influence of inertia of the laminar box
-Influence of bearing friction
-Influence of stiffness of the membrane

-Influence of boundaries or sidewalls of the laminar box

Che and Iwatate (2002) studied the seismic response and damage characteristics of
Daikai Station which collapsed in the 1995 Hyokogen-Nanbu earthquake. Shaking
table tests and numerical analyses were performed to evaluate the dynamic lateral
earth pressures and bending strains exerted on the underground structure. A
laminar box with a height of 100cm and a width of 120cm was developed for the 1-g
shaking table tests. The model ground was formed of two sand layers as indicated
in Figure 2.21. A 1/30 scaled box type structure made of polyvinyl chloride resin was
used to model the Daikai Station. Results and conclusions obtained from the study

can be summarized as follows:

-Lateral earth pressures due to vertical motions can be ignored.
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-Rocking motions were observed during horizontal motion.

-Bending strain in the center columns was almost five times larger than the strains in

the sidewalls.

-Connection type had a significant effect on bending strains. Flexible joint reduced
the strains about 1/5 of that for fixed type joint.

Nishiyama et al. (2000) conducted 1-g shaking table tests using two and three span
rectangular models to evaluate the dynamic behavior of cut and cover tunnels. To
satisfy the similitude requirements a silicon ground model was used in the tests.

Model ground and the layout of the transducers are indicated in Figure 2.22.

Nishiyama et al. (2000) mainly focused on the friction between underground
structure and the ground. No-slip condition was met by the adhesive strength of
silicon ground. For full-slip condition, teflon sheets were installed on the exterior

surface of rectangular box model. Findings of the study can be given as follows:

\ 30 | 60 | 30 |
[ [ [ |
16 Subsurface layer
24 Structure | Model

60 Bearing Stratum

| |
|
120 Unit:cm

Figure 2.21. General view of model ground and subway model (Che and Iwatate, 2002)
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Figure 2.22. Layout of the instrumentation (Nishiyama et al., 2000)

-Shear stresses at the ceiling and normal pressures acting on the sidewalls
decrease with decreasing friction between the underground structure and the

ground.

- Separation and slipping effect is small when the tunnel is more flexible with respect

to the ground. Similarly, separation and slipping effect is not so big for stiffer tunnels.

In a later research, Che et al. (2006) performed 1-g shaking table tests and
numerical analyses for evaluating the dynamic response of buried long span
corrugated steel culverts. Two elliptical shaped models in 1/16 scale were used in
the shaking table tests,. The models had dimensions of 457mm (short radius) x
650mm (long radius) x 800mm (width) and 2mm thickness. Ground was constructed
from dry fine sand and models were made of vinyl chloride resin. 1-g shaking table
tests were conducted under random vibrations recorded during the Hyogoken-nanbu
earthquake and harmonic motions. Several transducers were used to measure
accelerations, strains and dynamic soil pressures. Instrumentation details are given
in Figure 2.23. At the end of the study, following results were presented by Che et
al. (2006):
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-Large bending strains occurred at the corrugated culvert due to dynamic soil
pressures. However, maximum bending strain did not reach the allowable strain of
the corrugated culvert. Since the normal strain of the culvert was too small, it could

be ignored.

-Absolute maximum dynamic soil pressure values measured under Hyokogen-
nanbu earthquake motion were nearly identical to the values obtained from static

analyses of soil.

-Bending strains and dynamic pressures did not cause structural failure under

Hyogoken-nanbu earthquake motion.
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Figure 2.23. Layout of the transducers (Che et al., 2006)
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Matsui et al. (2004) investigated the seismic performance of two-span rectangular
underground reinforced concrete (RC) structures. For this purpose, the authors
conducted large shaking table test and verified the results with numerical analysis.
Aim of the study was to develop a nonlinear finite element model for assessing the
dynamic response of underground RC structures. The FEM model considered the

effects of nonlinear behavior of RC model and dynamic soil structure interaction.

Two-span underground RC structure model was built and fixed to the bottom of
shake table (Figure 2.24). The ground was constructed by dry sand with a relative
density of approximately 87%. Pressures, displacements and accelerations were
measured during the shaking table tests. Figure 2.25 indicates the lateral dynamic
soil pressures and sidewall curvature measurements at a certain time of the
shaking. Dynamic soil pressures caused compressive forces along the sidewall and
accordingly center of the wall tended to deform inward. Due to this deformation,
bending cracks occurred at the top and bottom of outer surface and uniform
horizontal cracks were observed on the inner surface of the sidewall as indicated in
Figure 2.26. Besides, measurements showed that the underground structure

conformed to ground deformations.
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Figure 2.24. Shaking table test model (Matsui et al., 2004)

49



Curvature (1/m) Curvature (1/m)

0.05 0.025 0 -0.025-0.05 -0.06 -0.03 0 0.03 0.06
1750 1750
= = Curyatur
£ £
c Cufvatufe =
E 1400 A\ E 1400
= , £
< <
& >
£ 1050 £ 1050
8 8
2 >\ £ Pad
g 700 € 700 t ¥
8 N P S +
B / : Dynamic|€ th/
=) S regsure
2 350 S 3s0pL —N
> Dynhmic ¢arth |4mm | = -
o pre%ure || | o | "Il
0 0 .
100 50 0 -50 -100 -100 -50 0O 50 100
Earth pressure (kPa) Earth pressure (kPa)

Figure 2.25. Lateral dynamic pressures along the sidewall and curvature of sidewalls
(Matsui et al., 2004)
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Figure 2.26. Cracks observed at sidewalls of the two-span RC culvert (Matsui et al., 2004)
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Crosariol (2010) studied the dynamic response of rigid underground structures
buried in soft clay. For this purpose the author performed shaking table tests and
explored the effects of dynamic soil-structure interaction. A 1/10-scale model was
developed to represent San Francisco Bay Area Rapid Transit subway located in
United States. Crosariol (2010) derived scaling relationships for satisfying the
similitude rule. Based on the geometric similarity, the author defined a scale factor,

N, and provided the scaling relations as given in Table 2.2.

Table 2.2. Scale factors used for the shaking table test model
(After Crosariol, 2010)

Variable Scale factor For N=10
Soil density 1 1
Force N° 1000
Stiffness N* 100
Modulus N 10
Acceleration 1 1
Shear wave velocity N 3.16
Soil damping 1 1
Poisson’s ratio 1 1
Time N 3.16
Frequency N 0.316
Length N 10
Stress N 10
Strain 1 1
Flexural rigidity N® 100000
Dimensionless Quantities 1 1

In order to obtain a representative clay model of San Francisco Young Bay Mud, a
mixture of soil was prepared by using kaolinite, bentonite. Prepared mix was filled
into a ring type box conforming to ground deformations under simple shear. Shaking
table tests were performed by using 1979 Imperial Valley, 1992 Landers and 1999

Chi-Chi input motions. Remarks of the study can be summarized as follows:
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i) The author pointed out that further study was required to understand the effect of

deformation mode on the dynamic response of underground structures.

i) Structure deformations are small compared to corresponding free-field

deformations due to dynamic soil-structure interaction.

i) Racking deformations are highly dependent on the input accelerations and

racking deformation increases linearly with increase of accelerations.

2.3.2 Centrifuge Tests

Full-scale tests may be the best type of physical modeling technique to investigate
the dynamic response of geotechnical structures. Actual field conditions can be well
represented. However, those tests are costly and require a great deal of effort and
time to prepare the prototype model. Besides, it is not possible to carry out an
extensive research by employing full-scale tests in order to observe the effects of
different parameters. Hence, the centrifuge test has become an alternative
technique for the study of dynamic behavior of geotechnical structures. The primary
principle of the centrifuge test is to simulate the in-situ stresses by generating a high
acceleration field. The model is mounted at the end of a rigid arm and rotated with a
centrifugal acceleration of Ng. Thus, in-situ stresses are obtained and prototype

dimensions are scaled down by a factor of N.

Buckingham (1914) pi theorem stated that if a problem contains n variables
involving m fundamental dimensions, then a set of n-m dimensionless groups can
be developed by the original variables. The physical problem can be expressed as
by the following equation:

F(X X g X,)=0 (2.49)

n

where Xi,X,,..... X, are the physical variables. There are a total of n-m

dimensionless products:
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g, wypy,)=0 (2.50)

Based on this theorem, a dynamic problem in geotechnical engineering can be
defined by:

flo,L,p,g,t,u)=0 (2.51)

where,

c = stress

L=length

p=density

g=gravitational acceleration
t=time

u=displacement

Dimensionless pi (n) groups for this physical problem are given as follows:

P (2.52)
pglL
Ty = =1 (2.53)
gt
u*
my=—=1 (2.54)
T r

where, the asterisk (*) sign on a physical variable shows the ratio of the quantity in
the model to the quantity in the prototype. (e.g. L*:Lmodd/metotype). Kutter (1995)
stated that the main objective of the centrifuge test is to obtain the same stiffness
and strain in reduced scale model and in full-scale prototype. Furthermore, the
author emphasized that the density of material should not be scaled in order to
obtain identical soil mechanical properties. In other words, the density of soil in the
model should be same as the density in the prototype. Based on these

identifications, scale factors derived from the following assumptions:
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o =1 (2.55)
o =1 (2.56)

(2.57)

Common scaling factors for centrifuge modeling are presented in Table 2.3.

Table 2.3. Scaling Factors for Centrifuge Modeling

Parameters Model | Prototype | Scaling Factor
Length L 1 N 1IN
Area A 1 N? 1/N?
Volume vV 1 N® 1IN
Mass M 1 N° 1IN®
Force F 1 N? 1/N?
Energy E 1 N® 1/IN®
Stress o 1 1 1
Strain £ 1 1 1
Soil density | p’ 1 1 1
Acceleration | a N 1 N
Time (dynamic) | ty,n | 1 N 1IN
Time (diffusion) | tgr 1 N2 1/N?
Velocity v 1 1 1
Frequency f N 1 N

There are several effects that must be taken into account in the centrifuge modeling

(Taylor, 1995). The effects can be summarized as follows:
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1) Scaling rules derived for centrifuge modeling are based on the equality of the
stresses between model and prototype. Vertical stresses in the model (o) and

prototype (o) are given by:

O-vm=pNghm (258)
O-vp:pghp (259)

where, p is the mass density, h,, and h, are the heights of model and prototype,
respectively. If oyn=0y,, then hy=Nh,,. Linear dimension factor between prototype
and model is N. When a centrifuge rotates with an acceleration of Ng, acceleration
varies through the model due to radius change. Nonlinear variation of stress in the

model can be depicted as in Figure 2.27.
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Depth

Figure 2.27. Vertical stress distribution in a centrifuge model and its corresponding prototype
(Taylor, 1995)
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Centrifugal acceleration Ng can be expressed as follows:
Ng = ©°Re (2.60)
where, R, is the effective centrifuge radius and o is the natural circular frequency. If

R; is the centrifuge radius measured from rotation axis to the top of the model,

vertical stress at depth z can be calculated by:
O\m = [P0’ (R +7)dz = pmzz(Rt+§) (2.61)

Substituting Equation 2.60 into Equation 2.58 gives:
Gym=PNghm=pw°Rehm (2.62)
Considering that the vertical stress in centrifuge model and prototype is equal to

each other at a depth of z=h;, using Equation 2.60, 2.61 and 2.62 following

relationship between R, and R; can be obtained as:
R, =R, +0.5h, (2.63)

In order to minimize the overall error in vertical stress distribution, ratio of maximum
under stress to prototype stress (r,) at a depth of 0.5h; is equalized with the ratio of
maximum over stress to prototype stress (r,) at the base of the model (hn).

Following equations are obtained from equalization of the ratios roand r, :

2
h=2h (2.64)
3

]/‘u =y = m (265)
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Centrifuge effective radius becomes:
h
R =R + ?m (2.66)

Taylor (1995) mentioned that the maximum error in the vertical stress remains below

3% when R, is at least five times larger than h,,

2) Dimensions of the prototype are reduced by a scale factor of N when preparing
the model for centrifuge test. Applying this rule for soil particle size is not logical for
some conditions. For example, if fine sand in prototype is scaled by a factor of 100,
a clay material must be used to satisfy the scaling rules. This is not reasonable
since the stress-strain characteristics of clay and sand are quite different from each
other. In most cases, particle size effect is neglected and same soil in prototype is
used in the centrifuge model to capture the soil composition and stress-strain
behavior. This assumption may be valid when the soil is homogeneous, continuum
and fine grained. For coarse-grained soils scaling depends on the relative size
between the particles and the model. Fugslang and Ovesen (1988) observed that
there is no scale effect when the model dimensions are at least 30 times the
average grain size. Iglesia et al. (2011) stated that logical results can be obtained
without scaling the particle size provided that the ratio of model size to average

grain size is larger than 20.

3) In the centrifuge model, time scale factor for the consolidation and seepage is
1:N?. In the dynamic problems time scale factor for the duration of the earthquake
motion is 1:N. As understood, there is a conflict in time factors for the dynamic
problems including seepage. Dynamic test on saturated cohesionless soils is a good
example for that conflict. In these tests, excess pore pressure dissipation occurs
during the seismic motion. To overcome the time scale problem, the modelers
usually use a fluid N times more viscous than water while having same density.
Taylor (1995) emphasized that modelers should avoid affecting the mechanical
properties of soil by changing the fluid. Wilson (1988) investigated the damping
effect of a more viscous fluid on the results. The author found that damping of the

soil increases with the increasing viscosity of fluid.
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4) Model containers used in centrifuge tests should satisfy the following design

criteria:

-The sidewalls of the container should be flexible and conform to soil deflection
modes during shaking so that the reflection of P-waves from the end walls is
minimized. For this purpose, a laminar box or an equivalent shear box can be used

as a model container in the centrifuge tests.

-Friction between the soil and wall should be high enough to resist the
complementary shear stresses occurred due to dynamic motion. Rough sheets or

friction rods are usually used to sustain the complementary shear stresses.

-Side walls of the container should be frictionless to prevent the development of
shear stress at the contact surface. Thus, soil can move easily during the seismic

motion.

-The vertical settlement of the soil at the boundaries should be the same to avoid

initial stresses at the end walls.

5) Selection of appropriate scale factor for centrifuge model tests depends on
several factors such as the model size, container size, stress levels and centrifuge
capacity. Considering that the instrumentation is quite difficult in small models,

model size should be maximized by choosing the scale factor as small as possible.

6) In centrifuge test, the direction of the inertial acceleration change along the width
of the model container. The maximum error occurs at the boundaries of the
container. Thus, it is better to study and focus in the central region of the centrifuge

model box.

Since 1980s, centrifuge modeling has been widely used in geotechnical earthquake
researches. However, there were only limited geotechnical centrifuge studies
regarding the dynamic behavior of underground structures. Ha et al. (2010)
investigated the earthquake faulting effects on buried pipelines by performing
centrifuge tests. Results were compared with a case history of pipe failure during
Izmit (1999) earthquake in Turkey. The authors proposed that it was better to design

pipe route almost perpendicular to the fault trace to be on the safe side.
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Furthermore, ASCE (1984) methodology for estimating the maximum lateral force at

the soil-pipe interface was validated by centrifuge test results.

Ling et al. (2003) studied the seismic response of large diameter pipe in liquefiable
ground. Centrifuge model tests were conducted under 30g gravitational field.
Nevada sand was prepared as model ground with a relative density of 38%. Pipe

model and the instrumentation are presented in Figure 2.28.
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Figure 2.28. Pipe model and layout of the transducers in centrifuge model test
(Ling et al., 2003)

Ling et al. (2003) proposed a simplified procedure to evaluate the seismic
performance of a large-diameter pipe against liquefaction and developed a
mitigation method for flotation. The design is based on the limit equilibrium
approach. Burial depth of the pipe was determined by assuming that soil has no
shear strength during liquefaction. A soil prism including overburden soil and pipe
weight was considered (Figure 2.29). This prism was reinforced by adding gravels
with geogrid. Thus, added forces improve stability of pipe by increasing the resisting

forces against buoyancy force. Besides, it was observed that the lateral earth
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pressure reached maximum value during liquefaction and then reduced with

dissipation of excess pore pressure.

O’Rourke et al. (2003) focused on the response of buried pipelines subjected to
permanent ground deformation. For this purpose, centrifuges tests were performed
on a model pipeline and confirmed with finite element analyses. A split box
consisting of two halves was used to simulate the peak ground deformation. Model
pipeline and surrounding ground are obliged to shear along the horizontal plane in
the split box. Results showed that for a fault displacement of 2m, pipe strains were
remained in the elastic range. Strains obtained from the finite element analyses are
in close agreement with the recorded strains in centrifuge tests. Finally, the authors
pointed out that the bending strains govern the seismic response of pipeline when

the pipe axis is perpendicular to fault trace.

SOIL PRISM

; pipe with gravels
plpe\o nly \ and geogrids

V] N _I_H
: w

Figure 2.29. Soil prism considered in the limit equilibrium stability analysis of the pipe
(Ling et al., 2003)
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CHAPTER 3

SHAKING TABLE MODEL TESTS ON BOX CULVERTS UNDER
DYNAMIC LOADING

3.1 Shaking table test system

Shaking table tests were carried out in the dynamic laboratory of Civil Engineering
department of Middle East Technical University. The shaking table system was
mounted on main steel frame having plan dimensions of 3.5m x 1m. The main frame
was connected to reinforced concrete foundation by welding the anchor plates. The
whole system was designed and constructed by Calisan (1997). There were three
main parts of the shaking table system, namely, motion generating system

(actuators), model container and data acquisition system.

In this study, the system was modified by using a motor driver and laminar box. A
motor driver was added to the motion generating system to control the frequencies
and to obtain a soft start during the shaking. A laminar box was designed and
fabricated in the Ostim Organized Industry. The rigid box (Figure 3.1) was removed
from shaking table system and replaced with the laminar box. General view of the

shaking table system with laminar container is given in Figure 3.2.
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Figure 3.2. General view of the modified shaking table system with laminar box
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3.1.1 Motion generating system

In the shaking table system, uni-axial horizontal motion was generated by an AC
(Alternating Current) electrical motor as shown in Figure 3.4. In the previous motion
generating system, when the motor starts to operate, an impact force was generated
instantaneously. In order to prevent this undesirable situation, a motor driver
(Figure 3.3) was added to the shaking mechanism. The motor driver enabled the

operator to apply smoother operation and to adjust frequencies of the motion.

Gears and chain were used for transmitting rotary motion from electric motor to a
rigid shaft. The rotary motion is converted to horizontal harmonic motion by means
of the rigid shaft connected to the shaking table platform. Displacement of the rigid
shaft or amplitude of motion is adjusted by two attached discs as shown in Figure
3.5. The eccentricity between the discs is provided by using one fixed and five

removable screws.

Figure 3.3. The motor driver
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Figure 3.4. AC Electrical motor, chain and gear system

Figure 3.5. Rigid shaft and two attached discs
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The maximum displacement limit of the motion generating system is 6mm and
frequency range is between 0.5Hz—10Hz. Considering the simple harmonic motion
equation (Equation 3.1) given below, acceleration (Equation 3.2) can be calculated
by taking second derivative of displacement with respect to time. Peak accelerations

used in the tests vary from 0-0.5g.

X = Asinax (3.1)
X = —Aw? sin ot (3.2)
where,

X=Acceleration
X=Displacement
A=Displacement amplitude
o=Angular frequency

t=Time

3.1.2 Soil container

In the previous shaking table system the soil container was a rigid box. Rigid

containers usually are not preferred for the dynamic tests due to following reasons:

- Rigid container does not conform to soil deformation pattern during shaking.

- Rigid box generate P-waves during shaking

In this study, available system was renovated by using a laminar box instead of rigid
box so as to eliminate the boundary effects. A rectangular laminar container was
preferred rather than a ring type container considering the plain strain conditions for
a box-type underground structure. Typical laminar box is constructed of several
horizontal rectangular or circular metal frames stacked together. The frames are free

to move on linear roller bearings in the direction of motion. Thus, the box is able to
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conform to the soil deformation pattern during shaking. The stiffness resisting to the
movement of soil is the friction between the layers and linear roller bearings. For this
reason, the main purpose in the design of laminar box is to minimize the friction as
much as possible. Within the scope of this study, a laminar box (Figure 3.6) was
designed and manufactured in Ostim Organized Industry. It is rectangular in cross
section with dimensions of 1m (width) x 1.5m (length) x 1m (height). The box is
composed of nine rectangular steel frames. Each frame is 10cm deep and the
spacing between the frames is 1cm. There are linear bearings connected to the
outside rigid supporting frame on the long side (Figure 3.7). Linear bearings are
fixed in transverse direction while they are free to move in longitudinal direction. The
short sides of laminar frames (Figure 3.8) are connected to long sides by means of
hinge joints allowing rotation in transverse direction. Hence, the sidewalls of the box

conform to soil deformation and boundary effects are minimized.

Figure 3.6. General view of laminar box
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Figure 3.7. Linear bearings connected to outside rigid supporting frame

Figure 3.8. Short side of the laminar box
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3.1.3 Friction and boundary effect

i) Friction effect

Long side of the laminar layer slides on the linear bearings connected to the outside
frame. During the sliding, friction between the laminar layer and linear bearings
resists to the motion. In order to determine this effect, maximum friction forces were

measured on each layer. Results are given in Table 3.1.

Table 3.1. Friction forces of laminar layers

Layers of Laminar Box MaximumFMeasured Friction
orce (N)
Layer 1 25
Layer 2 30
Layer 3 28
Layer 4 30
Layer 5 26
Layer 6 25
Layer 7 27
Layer 8 28
Layer 9 25
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If the ground was considered to be made of several layers having thicknesses of

10cm, shear force at the base of top layer can be given as:

T=m.a (3.3)

where m is the soil mass and a is the acceleration of the soil layer. Considering a
low acceleration of 0.05g, the shear force at the base of top layer will be around
1160N. Hence, the friction effect of the layer is approximately 2.6%. For higher

accelerations it would be rather small, thus it could be ignored.

ii) Laminar box boundary effect

Two acceleration sensors were placed into the soil to analyze the boundary effect of
the laminar box during the shaking table tests. Both sensors were at the same
depth. One was in the center and the other was 3 cm away from the laminar box
wall. Comparison of the acceleration records of those sensors indicates that
boundaries have very small effect ground motion. Results are shown in Section
3.5.1.

3.1.4 Data acquisition system

Data acquisition (DAQ) system mainly consists of four major parts: transducers,
signal conditioning, DAQ hardware (A/D converter) and personal computer. The
flow diagram of overall process for DAQ system is given in Figure 3.9. In the first
stage, the physical properties such as acceleration, pressure or displacement were
measured with the transducers. Transducers converted the physical properties into
corresponding voltage signals. In dynamic tests, transducers usually produce
outputs in milivolt (mV) range. Then, signal conditioning modules were used to
amplify the mV outputs of transducers for meeting the requirements of DAQ card.
Later, DAQ card converted the conditioned transducer signals to digital values. In

the final stage, a software program was used to make connection with the DAQ card
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for controlling and processing the digitized data. General view of the DAQ system

used in shaking table test is illustrated in Figure 3.10.

Physical Property

9

Transducers

Signal Conditioning

DAQ hardware (A/D
converter)

Personal Computer
(Software and Data Storage)

Figure 3.9. Flow diagram for the DAQ system

Figure 3.10. General view of the data acquisition system
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3.1.4.1 Transducers

Several transducers were used in the shaking table experiments, namely,
acceleration, pressure and displacement transducers. All of the transducers were
strain gage-type sensors. Strain gages are used to measure the strains of an object
subjected to forces. Resistance of the strain gage increase or decrease depending
on the subjected forces. Acceleration, force, stress or displacement can be

determined and calibrated by measuring this change in resistance.

i) Acceleration transducers

TML ARF-A (Figure 3.11) type acceleration transducers were used in the tests.
There were nine accelerometers, seven of them had a capacity of 10m/s? and two of
them had a capacity of 50m/s. They are sufficiently small and lightweight to be
used in shaking table model tests. They can only detect acceleration in one axis and
be easily placed on the models using adhesives. Mechanical and electrical

properties of acceleration transducers are summarized in Table 3.2.

Table 3.2. Mechanical and electrical properties of acceleration transducers

Type ARF-10A ARF-50A
Capacity 10m/s? 50m/s?
Rated Output 0.5mv/v 0.5mv/v
Nonlinearity 1% 1%
Frequency Response 50Hz 130Hz
Operating Temperature -10 to 50 Celcius -10 to 50 Celcius
Over Load 300% 300%
Input/Output Resistance 120 Ohm 120 Ohm
Recommended Excitation Voltage | Less than 2V Less than 2V
Allowable Excitation voltage 5V 5V

Weight 13¢g 13g
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Figure 3.11. Acceleration transducer used in shaking table tests

There are two main points to be taken into consideration when placing the
acceleration transducers inside the soil. First, the transducers must be stable and
remained in a straight position during excitation. To accomplish this, acceleration
transducers should be mounted on a rigid plate. Second, the accelerometers and
soil should move together during shaking table tests. There should be no relative
movement between transducer and soil. For the present study, rigid thin wood
plates having light weight were used as an acceleration transducer assembly. Thus,

accelerometers could move in accordance with the soil.

Acceleration transducers can make measurements in one axis. As illustrated in
Figure 3.12, in the first position it provides constant 1g acceleration. A simple
rotation of 90 degree produces 1g change in acceleration level and acceleration
becomes 0g in the second position. In the third position, 180 degree rotation from its
first position produces 2g change in acceleration value and acceleration becomes
1g. For all these conditions, corresponding output voltages were measured and

calibration coefficient was calculated by drawing a linear calibration curve.
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Figure 3.12. Posititons of acceleration transducer during calibration
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ii) Pressure transducers

Four Honeywell ABHOO6PGC1B type pressure sensors and one TML type KDF-
200kPa soil pressure gauge were used in the shaking table experiments. TML type
KDF-200kPa pressure transducers have an outer diameter of 50mm and sensing
area diameter of 34mm. For the Honeywell ABHOO6PGC1B (Figure 3.13) pressure
transducers, outside diameter is 23.8mm and pressure sensitive surface diameter is
19mm. Specifications of the pressure transducers are given in Table 3.3 and Table

3.4, respectively.

Table 3.3. Specifications of TML KDF-200KPA transducer

Type KDF-200KPA
Capacity 200kPa
Rated Output 0.3mv/v
Non-linearity 2%RO
Temperature Range -20 to 60 Celcius
Input/Output Resistance 350 Ohm
Recommended Excitation Voltage Less than 3V
Allowable Excitation voltage 10V
Weight 160g
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Table 3.4. Specifications of Honeywell AB/HP pressure transducer

Measurement Type Gage

Signal Conditioning Unamplified
Pressure Range 0 to 42kPa

Supply Voltage 5.0 Vdc, 6.0 Vdc max.
Maximum Overpressure 15 kPa

Burst Pressure 50kPa

Port Style Flush Diaphragm
Temperature Compensation Yes

Output Type 0 mV to 100 mV
Accuracy 0.5% full scale BFSL
Response Time less than 0.5 ms
Input Impedance 150 ohms

Output Impedance 115 ohms

Insulation Resistance

1000 Mohms @ 50 Vdc max.

Output Calibration

Yes

Termination Type

0,91 m [3 ft] 4-Conductor Shielded

Weight

57 grams [2.0 ounces]

Full Scale Span 100 mV 1 mV
Operating Temperature Range -54 °C to 93 °C
Compensated Temperature Range -1°Cto71°C

a)

Figure 3.13 Pressure transducers used in shaking table tests, a) Honeywell pressure

b)

transducers b)TML type soil pressure gages
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As stated above, there were two types of pressure transducer used in shaking table
tests; TML Type soil pressure gauge and Honeywell AB/HP stainless steel flush
mounted pressure sensor. There is a rigid diaphragm in TML type pressure sensor.
This diaphragm moves rigidly under forces, hence the transducer can be calibrated
using deadweights utilized for testing. The pressure sensor was placed on a smooth
surface and after applying deadweights, changes in voltage were recorded by

means of data acquisition system.

Honeywell AB/HP pressure transducer has a different working principle. In order to
obtain accurate readings, the forces acting on sensitive area of this pressure sensor,
should be uniformly distributed. Calibration of this sensor was done with water by
using a pipe. The pressure sensor was mounted properly under the pipe and
leakage of water was prevented. During calibration process, voltage outputs were

obtained for different levels of water in the pipe.

iii) Displacement transducers (LVDT)

Two TML SDP-100C type displacement transducers (Figure 3.14) were used in the
tests. Displacement transducers have 100mm capacity; their specifications are
summarized in Table 3.5. Displacement transducers were calibrated in a simple
way. First, the transducer was fixed in a horizontal position and sensing rod was
pressed to certain amount of displacements. Corresponding voltage values were

measured and calibration coefficient was calculated.
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Figure 3.14. Displacement transducers used in shaking table tests.

Table 3.5. Specifications of displacement transducer

Type SDP-100C
Capacity 100mm
Rated Output 2.5mV/V
Sensitivity 50x10°° strain/mm
Non-linearity 0.2%RO
Spring force 5.9N
Temperature Range 0 to 60 Celcius
Input/Output Resistance 350 Ohm
Recommended Excitation Voltage Less than 2V
Allowable Excitation voltage 5V
Weight 3509

3.1.4.2 Signal conditioning

In the experiments, eight ADVANTECH ADAM 3016 strain gage input modules
(Figure 3.15a) and eight PCLD-7702 signal amplifiers (Figure 3.15b) were used for

conditioning the output signals generated by the transducers. Output voltages of
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transducers were measured and amplified by changing the gain settings of signal

conditioners. Thus, signals were adjusted for the data acquisition card.

Figure 3.15. Signal conditioning modules and amplifiers a) ADAM strain gage input modules
b) PLCD 772 signal amplifiers

3.1.4.3 Data acquisition card

ADVANTECH PCL 818 HD data acquisition card (DAQ) was used for converting
analog data to digital data. It is a PCI bus 12 bit DAQ card providing 16 single-ended
and 8 differential inputs up to 100 kHz sampling rate. In the shaking table tests,
sampling rate adjusted for each channel was 500hz. This sampling rate is
adequately enough to capture the input motion frequencies. The PCL 818 card has
12-bit resolution. The resolution indicates the number of smallest input voltage that
can be distinguished by the data acquisition card. Resolution (R) can be calculated

using the following formula:

R=o" (3.4)

where, n is the bit number. The PCL card resolution is:
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R=2"2=4096

When measuring the 0-10V input voltage, the smallest voltage signal change

captured by the card is:

10/4096=2.44 mV

Specifications of data acquisition card are given in the following table:

Table 3.6. Specifications of data acquisition card

Channels 16 single ended or 8 differentials

Resolution 12 bits

Max. Sampling Rate 100kS/s for all input ranges

Overvoltage Protection +30 Vpc max.

Input Impedance 10MQ

Sampling Modes Software, Pacer or External

Input Range V, software programmable
+10V,+5V,+2.5V,+1.25V,+0.625V

3.1.4.4 Data storage and processing

MATLAB software program was used to store the data in personal computer’s
memory. Digital voltage values converted by the card were acquired by using the
data acquisition toolbox of MATLAB. MATLAB includes special functions to design a
bandpass filter. The frequency range of the filter is between 0.5 Hz to 25 Hz. For the
evaluation of measurements, all processed data in MATLAB were exported into
EXCEL spreadsheets.
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3.1.4.5 Membrane

In shaking table tests, an elastic rubber membrane was used to prevent sand
leaking out of the laminar box. Thickness of the membrane is 1mm. Its thickness
was kept as thin as possible to allow horizontal shear during shaking. In other
words, a membrane with small stiffness as compared to soil was selected for the
tests. In order to obtain a membrane having same dimensions with the inside
dimensions of laminar container, a mould was constructed using plywood. The
mould was covered with the membrane end the corners of the membrane were
stuck with adhesives. After drying up, it was taken out and placed into the laminar

box.

3.2 Soil properties

3.2.1 Physical properties

Air dried Cine sand was used to construct the model ground in the shaking table
tests. Based on the Unified Soil Classification System (USCS), the soil can be
identified as SP: poorly graded slightly silty medium sand. The grain size
distribution curve of the sand (Figure 3.16) was determined through dry sieve

analysis. Parameters derived from distribution curve can be given as follows:

D= 0.15mm
D3g=0.27mm
Dso= 0.45mm
Deo= 0.53mm

D19, D3g, Dsg and Dgp are the particle size diameters corresponding to 10%, 30%,

50% and 60% passing in the grain size distribution curve.
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Coefficient of uniformity,
Cu = Deo / D10 =3.53 (35)
Coefficient of curvature,

C. = D% / (Dgo X D10)=0.92 (3.6)
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Figure 3.16. Grain size distribution curve of Cine Sand

The minimum density of dry sand was determined by using two methods. In the first
method a cylinder tube was filled with sand and converted upside down by covering
the top of the tube. Then, the tube was brought back to its original position and
volume of sand was measured. In the second method sand was poured into a jar by
using a funnel. The fall height was kept as minimum as possible to obtain the
loosest state. Minimum dry density and corresponding maximum void ratio were
found as 14.50kN/m?* and 0.80, respectively. Maximum dry density was determined
by tamping. Sand was placed into a mould and compacted with a vibration tamper.

Maximum dry density and corresponding minimum void ratio were obtained as
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18.10kN/m?* and 0.44, respectively. Table 3.7 shows the physical properties of Cine
Sand.

Table 3.7. Physical properties of Cine Sand used in shaking table tests

Cine Sand

Water content %0.1
Specific gravity 2.66
Minimum void ratio 0.44
Maximum void ratio 0.80
Minimum unit weight (kN/m°) 14.50
Maximum unit weight (kN/m?®) 18.10
Coefficient of uniformity (C,) 3.53
Coefficient of curvature (C.) 0.92
Mean diameter (Dso) (mm) 0.45
Fines content (%) 1.15
Poisson’s Ratio 0.3

Direct shear and triaxial tests were conducted to find the shear strength parameters
of the soil. Normal stress range in direct shear and triaxial tests changes between
14kPa to 50kPa. For a relative density of 60%, Cine Sand has a friction angle of
43°,

3.2.2 Dynamic soil properties

The model ground was modeled in one dimensional ground response analyses

program SHAKE91 and the results were calibrated with obtained free-field shear
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strains at mid-depth of culvert in shaking table tests. Figure 3.17 illustrates the

comparison between SHAKE91 and experimental results.
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Figure 3.17. Comparison of shaking table test and SHAKE91 results

Based on the SHAKE91 result, maximum shear modulus and shear modulus
reduction curves of the Cine sand were estimated. For a relative density of 60%, the
maximum shear modulus of the ground surrounding culvert was predicted as
13000kPa. Figure 3.18 shows the shear modulus reduction (G/G,) obtained from
back-analyses of free-field shaking table results by using SHAKE91. Shear modulus
degradation curve proposed by Darendeli (2001) is given in the same figure for
reference. The curve was plotted for a mean effective stress (3.6kPa) representing
the stress levels of culvert depths in shaking table tests. Ggis the initial (low-strain)
shear modulus and G is the shear modulus at any strain level. The reference strain
(v;) is approximately 3.9x10™ which corresponds to the shear strain when shear

modulus falls to one half of initial shear modulus.
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Figure 3.18 Variation of normalized shear modulus with respect to shear strain

3.3 Preparation of model ground

Raining method was conducted to prepare the model ground throughout the shaking
table tests. In order to obtain a homogeneous model ground and a uniform density
throughout the laminar box, sand was pluviated into the laminar box from a height of
60cm by using a sieve (Figure 3.19). The sieve is rectangular in cross section with
dimensions of 0.98m (width) x 1.48m (length) and the mesh size of 2.36mm. When
constructing the model ground, first, a sand bed with a thickness of 20cm was
placed into the box in two layers and compacted with a vibration tamper (Figure
3.20). Later, the remaining part of the sand was placed into the laminar box in layers
of 10cm thickness by pluviation. During the sand raining, five small boxes were
buried into the soil at different locations to determine the relative density of the sand.
Measurements with small boxes show that a uniform density and homogeneous
ground model can be obtained by sand pluviation. Relative densities of the sand bed
and overlying sand changed between 80 to 85% and 60 to 65%, respectively.

General view of the laminar box after filling sand is shown in Figure 3.21.
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Figure 3.19. Diffuser with 2.36mm sieve size located on top of the laminar box

Figure 3.20 Tamping for preparation of sand bed
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Figure 3.21 Laminar box after filling sand

3.4 Box-type culvert models

Four different types of steel box culvert models were used in shaking table tests.
Each model is 20cm by 20cm in cross section and 80cm in length. Side walls of the
box structure model have four kinds of thickness: 2mm, 3mm, 5mm and 10mm. The
culverts were labeled as C1, C2, C3, C4 respectively. Upper and lower slabs of the
culvert models were relatively thick and rigid as compared to that of sidewalls. Thus,
dynamic lateral earth pressures will be monitored by eliminating structural effects
due to bending of the slabs. Cross sections of the box models are illustrated in
Figure 3.22.

Box models were manufactured considering the flexibility ratio which represents the
relative stiffness between the soil and structure. As discussed in Chapter 2, flexibility

ratio of the structure can be given as (Wang, 1993):

(3.7)
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where, Gq is the shear modulus, W is width and H is the height of the structure, Sy is
the force required to cause a unit racking deflection of the structure. Computed S;

values were presented in Table 3.8.

Table 3.8. Calculated S, values for the culvert models

Sy
Culvert Type
yp kN/m/m
C1
396.8
Upper and Lower Slab=10mm Side Walls=2mm
C2
1314.5
Upper and Lower Slab=10mm Side Walls=3mm
C3
5555.5
Upper and Lower Slab=10mm Side Walls=5mm
C4
25000
Upper and Lower Slab=10mm Side Walls=10mm

The flexibility ratio of a single barrel box can be directly calculated by using the

equation proposed by Wang (1993). The equation is given by:

G, (sz HWzJ
== (3.8)

= +
24| Ely  Elg

where G is the shear modulus of soil, H is the height and W is the width of box
structure, |, is the moment of inertia of walls, [r moment of inertia of slabs. The

physical meaning of the F (flexibility ratio) values can be described as follows:
For F<1, the structure is more flexible as compared to the soil.

For F>1, the structure is more rigid as compared to the soil.

For F=1, rigidity of structure is same with the soil.
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Figure 3.22. Cross sections of the steel culvert models used in shaking table tests

Configuration of the structure model and layout of the transducers are depicted in
Figure 3.23 and Figure 3.24, respectively. The box culvert model (Figure 3.25) was
buried in sand at a depth of 40cm. Embedment depth ratio h/H is 2 where h is mid-
depth of the structure and H is structure height. In order to minimize the laminar box
boundary effects, the model and transducers were placed in the middle of the
container. Seven pressure transducers were mounted on the box model to measure
the dynamic soil pressures. One accelerometer was placed at the bottom of culvert
model for evaluating inertia of the structure. Five accelerometers were buried in the
ground model to determine soil accelerations and deformations, and one

accelerometer was placed on the shaking table to measure the input motion.
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Figure 3.23. Schematic illustration of shaking table test instrumentation
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Figure 3.24. Layout of pressure and acceleration transducers on the box model
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Figure 3.25. General view of a culvert model and mounted pressure transducers

3.4.1 Testing program and procedure for shaking table tests

There are totally 91 shaking table tests performed under different input motions
having various acceleration amplitudes and frequencies. The testing program

includes different cases given as follows:

- Free-field response tests

- Model tests for 4 different culvert models (C1, C2, C3, C4), when the model
was buried at a depth of 40cm (h/H=2).

- Model tests for 2 different culvert models (C1, C4), when the model was
buried at a depth of 60cm (h/H=3)

The procedure for the tests can be summarized as follows:

1) The laminar box was fixed with locking bars for holding the laminar layers

together during filling process.

89



Pressure and acceleration transducers were mounted on the culvert models

before tests.

For the preparation of sand bed, the sand was placed into the box in two
layers and compacted with a vibration tamper. The height of the sand bed

was 20cm.

The sieve was placed 60cm above the sand bed and the sand was filled in
layers of 10cm thickness until 50cm height. During the pluviation process,

density measurement boxes and accelerometers were buried into the soil.

The culvert model was put into the box and leveled in both longitudinal and
transverse directions. The transducers were connected to data-acquisition

system and initial voltage readings were recorded.

The remaining part was filled by pluviation and displacement transducers
connected to a rigid stable outside frame were placed at heights of 50cm and
90cm.

The static data was recorded and fixing bars were taken out for the dynamic
tests. Input motion frequency was tuned manually by using the motor driver
control panel and the displacement was adjusted by changing the

eccentricity of the discs.

The system was turned on and the soil container was shaken about 15
seconds with a harmonic input motion. All recorded data were saved and

transferred into a Matlab file.

For free-field condition tests; step 5 was absent in the procedure.
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The testing program applied for all culvert models can be tabulated as shown in the
Table 3.9.

Table 3.9. Testing program applied in shaking table experiments

Test Acceleration Frequency of Duration
Number Amplitude of Input | Input Motion (Seconds)
Motion (g) (Hz)
1 0.05 2 10
2 0.07 2 10
3 0.11 3.1 10
4 0.17 3.1 10
5 0.19 3.1 10
6 0.22 3.1 10
7 0.26 4.2 10
8 0.30 4.2 10
9 0.35 5.3 10
10 0.4 5.3 10
11 0.45 6.4 10
12 0.48 6.4 10
13 0.50 6.4 10

3.5 Results and discussions

3.5.1 Boundary effect of laminar box

Boundary effect of laminar container on ground motion was investigated by using
accelerometers. One accelerometer (a6) was placed near sidewall at a distance of
5cm from membrane and the other accelerometer (a3) was placed in middle of the
laminar container (Figure 3.30). Both accelerometers were at the same level at mid-
height of the laminar box. Acceleration time histories at those locations were
recorded during shaking table tests. Results indicate that the acceleration record

near sidewall is very similar to acceleration record in the middle of container
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(Figure 3.26 and Figure 3.27). There was almost no phase difference between the
acceleration time histories, only the amplitudes change. The ratio of the acceleration
amplitude near the sidewall to the acceleration amplitude at the center was plotted
against the input acceleration in Figure 3.28. As seen in Figure 3.28, there is minor
variation of about 5% and 10% between the wall and center accelerations. Hence, it
can be said that walls of the laminar container do not have significant boundary
effect on the ground motion. In this study, the model was placed at the center of

container to minimize boundary effects.
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——a3-center
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N

Acceleration (g)
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Figure 3.26. Comparison of accelerations recorded at the center and near container sidewall
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Figure 3.27. Closer view of Figure 3.26.
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Figure 3.28. Variation of acceleration amplitude ratio (wall to center) with respect to input
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3.5.2 Determination of flexibility ratio for culvert models

Flexibility ratio (relative stiffness) is defined as the ratio of soil stiffness to structural
stiffness. It has significant role on the dynamic response of underground culverts;
hence special attention should be given to the determination of flexibility ratio. In
dynamic soil culvert interaction analyses relative stiffness is represented by the ratio
of shear modulus of the surrounding ground to structural racking (flexural) stiffness.
The main difficulty in determining the flexibility ratio is the assessment of shear
modulus. Shear modulus is strongly dependent on the intensity of the dynamic
motion. It decreases with increasing shear strain of the soil. Therefore, different
flexibility ratios can be obtained under different dynamic motions for the same
culvert. Based on this conclusion, the flexibility ratios of the four culvert models were

determined at different strain levels. First, the shear strains of the surrounding soil
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were computed from the shaking table test results for different input motions. Next,
degraded shear modulus values were determined at those strains. Finally, the
flexibility ratios were calculated by dividing degraded shear modulus to structural
racking stiffness. Following table (Table 3.10) presents the flexibility ratio values for

the culvert models at different input accelerations.

Table 3.10. Flexibility ratio values for the culvert models at different input accelerations.

Maximum Input Flexibility Flexibility Flexibility Flexibility
Acceleration (g) Ratio for C1 Ratio for C2 Ratio for C3 Ratio for C4
0 (Static Condition) 32.8 9.9 2.3 0.52
0.05 31.50 9.49 2.25 0.50
0.07 30.47 9.20 2.18 0.49
0.11 28.83 8.70 2.06 0.48
0.13 27.52 8.31 1.97 0.46
0.17 23.91 7.22 1.71 0.45
0.185 19.66 5.93 1.40 0.44
0.22 14.74 4.45 1.05 0.43
0.26 14.41 4.35 1.03 0.41
0.3 13.76 4.15 0.98 0.34
0.35 12.78 3.86 0.91 0.31
0.38 11.47 3.46 0.82 0.26
0.4 11.14 3.36 0.80 0.23
0.45 11.14 3.36 0.80 0.23
0.48 10.48 3.16 0.75 0.21
0.5 8.85 2.67 0.63 0.19
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3.5.3 Comparison of measured static lateral coefficients with Jaky’s

formula

There were totally seven pressure transducers mounted along the sidewalls of the
culvert model. Four of them were located at the left side and three of them were
located at right side of the box culvert. First, initial voltage values were registered
when there was no overburden soil on the culvert model. Later, the final voltage
values were recorded after filling the laminar container. Table 3.11 gives the
measured static pressures along the sidewalls of four culvert models with respect to
depth ratio. Depth ratio is represented by d/H where d is the distance from pressure
transducer to upper corner of the culvert and H is the culvert height. Besides,
flexibility ratio is denoted by FR which is given for the static condition as presented
in Table 3.10.

Table 3.11. Lateral static earth pressures acting on the culvert models.

C1 C2 C3 C4
Lateral Soil Lateral Soil Lateral Soil Lateral Soil
Depth Ratio Pressure Pressure Pressure Pressure
(d/H) (kPa) (kPa) (kPa) (kPa)
0.2 1.35 1.38 1.59 1.68
S _ 0.4 1.52 1.80 1.77 2.13
N ©
§ = 0.6 1.68 2.05 2.22 2.25
0.8 1.98 2.30 2.47 2.58
o 0.25 1.57 1.52 1.63 1.68
o
(D —
£ g 0.5 1.66 1.88 2.10 2.18
id 0.75 1.92 2.05 2.34 2.42
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Figure 3.29 shows the variation of lateral earth pressure coefficients (K) with respect
to depth ratio (d/H). For comparison, two lines indicating at rest and active earth
pressure coefficients, K, and K, were drawn in the same plot. K, was calculated

from the following empirical relationship proposed by Jaky (1948):
K, =1-sing (3.9)
where ¢’ is the drained friction angle. Ky was determined by using the Equation 3.10

suggested by Rankine (1857). For an internal friction angle of 42°, K, and K, were

calculated as 0.33 and 0.2, respectively.
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Figure 3.29. Variation of learth pressure coefficient (K) with respect to depth ratio (d/H)
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As seen from Figure 3.29, all measured earth pressure coefficient values are above
the Ka line. K values obtained for the culvert models C3 and C4 are in close
agreement with the Kq line. On the other hand, for relatively flexible culverts C1 and
C2, smaller K values were found as compared to C3 and C4. These values fall into
the region bounded by K, and K, lines. The results showed that lateral earth
pressure coefficient decreases with increasing flexibility ratio as expected. The
sidewall of the flexible culverts deforms more than that of rigid culverts and

accordingly the walls are subjected to low soil pressure.

3.5.4 Maximum acceleration along the depth of ground model

In order to investigate the variation of maximum acceleration along the depth of soil
model, the accelerometers were placed at 5 different depths in the soil as seen in
Figure 3.30. Recorded maximum accelerations at those depths normalized with the
maximum shaking acceleration and plotted versus soil depth as given in Figure 3.31
and Figure 3.32. As seen in Figure 3.31, the normalized acceleration (amplification
ratio) is very low and changes around 1 for the maximum input accelerations 0.02g,
0.06g, 0.12g. This means that the soil behaves as a rigid mass at low strain levels.
The ampilification ratio starts to increase at 0.17g and at the top layer of the soil it
becomes approximately 1.1. Figure 3.32 shows the variation of normalized
acceleration along the depth of soil model for the maximum input accelerations of
0.22g, 0.26g, 0.30g, 0.34q, 0.4, 0.45g and 0.50g. In the figure, it is observed that the
amplification ratio near the surface changes between 1.2 and 1.4. Higher
accelerations at the upper region of the model ground may occur due to reflection
and refraction of the seismic waves from the surface. Besides, it should be noted

that the frequency of the input motion is higher at higher accelerations.
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Figure 3.30. Layout of the transducers in free-field shaking table tests.
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Figure 3.31. Variation of maximum acceleration along the soil profile for maximum input
accelerations (0.05g, 0.07g, 0.11g, 0.179)
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Figure 3.32. Variation of maximum acceleration along the soil profile for maximum input
accelerations (0.22g, 0.26g, 0.3g, 0.35g, 0.4g, 0.45g, 0.59)

3.5.5 Evaluation of displacements and shear strains

Displacement of laminar box and soil were measured by using linear variable
transducers and accelerometers respectively. LVDT measures the displacements
directly. In contrast to the LVDT, the accelerometer may provide an indirect measure
of displacement by integrating the acceleration time history twice. Before the
integration process the data must be filtered to prevent the unwanted errors or
misleading results. For this reason, recorded acceleration time histories were filtered
by a bandpass filter between 1Hz and 20Hz (high pass at 1 Hz and low pass at
20Hz). Thus, high frequency noise and drift due to spurious low frequency

components were eliminated for enhancing data quality.

The accelerometers were placed at different heights in the soil model. As explained

above, the displacements were computed by double integrating of acceleration
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records. Assuming that the displacement is varying linearly between two

accelerometers located at point 1 and 2, the shear strain can be calculated by:

(3-11)

where vy is the shear strain, d; d, are the displacements at points 1, 2 and z, ,z, are
the heights at points 1, 2, respectively. Based on this approach, soil shear strain
around the culvert model was obtained for the input motions having different
acceleration amplitudes. Figure 3.33 shows the variation of free-field shear strain at

culvert’s mid-depth with respect to maximum input acceleration.
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Figure 3.33. Variation of free-field shear strain at culvert depth with respect to maximum
input acceleration
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Two displacement transducers, L1 and L2, were placed at mid height (50cm
elevation) and near the top (90cm elevation) of laminar box. Displacement time
histories were analyzed at different acceleration levels 0.11g and 0.4g. It is
observed that the relative displacement between L1 and L2 increases with increase
in acceleration as expected. Moreover, there is small phase shift at higher
accelerations. Following figures (Figure 3.34, Figure 3.35) gives the comparison
between the displacement time histories recorded by L1 and L2 for different

accelerations.
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Figure 3.34. Displacement time histories recorded by L1 and L2 at 0.11g maximum input
acceleration
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Figure 3.35. Displacement time histories recorded by L1 and L2 at 0.4g maximum input
acceleration
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3.5.6 Dynamic soil pressures acting on sidewalls of the culverts

In shaking table tests lateral soil pressures were measured at each sidewall of the
culvert models. During the tests, static and dynamic pressures were measured
separately. For this purpose, first, the static pressure was recorded then dynamic
pressures were measured by taking the initial values as static pressures. Figure
3.36 is an example of the dynamic pressure record. The negative values in this
figure do not represent the suction or negative forces acting on the culvert model.

They indicate the reduction in the static pressure under cycling loading.

There are four pressure transducers at the left side and three pressure transducers
at the right side of the culvert model. Figures from 3.37 to 3.44 shows the variation
of recorded maximum dynamic pressures at those sensors with respect to free field
shear strain (at mid-depth of culvert) and input acceleration for different culvert

models used in the shaking table tests.

Maximum pressures at each cell were measured at different times during the
excitation. In other words, they dont act on the sidewalls of the culvert,
simultaneously. As seen from the figures maximum dynamic pressure increases
with increase of shear strain and rigidity of the structure as expected. Moreover, it
was observed that maximum dynamic pressures occur near the corners of culvert

model.
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Figure 3.36. An example of dynamic pressure record
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Figure 3.37. Maximum dynamic pressure variation with respect to field shear strain at culvert
mid-depth for model C1.
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Figure 3.38. Maximum dynamic pressure variation with respect to field shear strain at culvert
mid-depth for model C2.
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Figure 3.39. Maximum dynamic pressure variation with respect to field shear strain at culvert
mid-depth for model C3.
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Figure 3.40. Maximum dynamic pressure variation with respect to field shear strain at culvert
mid-depth for model C4.
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Figure 3.41. Maximum dynamic pressure variation with respect to input acceleration for
culvert model C1.
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Figure 3.43. Maximum dynamic pressure variation with respect to input acceleration for

culvert model C3.
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Figure 3.44. Maximum dynamic pressure variation with respect to input acceleration for
culvert model C4.

3.5.7 Dynamic pressure distribution

Dynamic lateral soil pressures acting on the sidewalls of the culvert model are not
constant and change during the excitation. This results in a rapidly varying pressure
distribution along the sidewall of the culvert model. In order to evaluate the critical
dynamic pressure distribution acting on the culvert model, the maximum bending
moment at the lower slab of the culvert was calculated by considering the racking as
most critical deformation mode. Based on this analysis, the pressure distributions
giving the maximum bending moments were determined. In the obtained pressure
distribution, there is an opposite phase angle between the recorded pressure values
at same levels of left and right side of the culvert models as found in the studies of
Che et al. (2006) and Nishiyama et al. (2000). When the upper left corner, UL, of the
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box model is in compression, upper right, UR, corner is in tension. On the contrary,
when the lower left, LL, corner is in tension, the lower right corner, LR, is in
compression as illustrated in Figure 3.45. Figure 3.46 and Figure 3.47 gives the
dynamic pressure time histories recorded at the corners for illustration of phase
difference. This result can be interpreted by the cross-coupling forces which compel
the culvert model to make racking deformation. Besides, it should again be noted
that the “tension” forces do not represent the negative or suction forces. It is an
indication of the reduction in the static soil pressures acting on the sidewalls of the

culvert.

— —>
“Compression” / UL UR/ “Tension”
Culvert

“Tension”/ LL LR

“Compression”
D — “«—

Figure 3.45. Schmetical illustration of dynamic couple forces acting on culvert box
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Figure 3.47. Comparison of dynamic pressure time histories recorded at upper left (UL) and
lower right (LR) corner.

Figure 3.48 shows an example dynamic pressure distribution acting on the sidewalls
of the culvert tested in shaking table tests. A piecewise linear interpolation was
assumed and the data points were connected by straight lines. Besides,
measurement points near the upper and lower parts of the culvert were extended

linearly to the edges of culvert.
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Figure 3.48. An example of lateral dynamic pressure distribution acting on sidewalls of the
culvert model

3.5.8 Simplified pressure distribution

For the preliminary assessment of box-type culverts buried in dry sand, the most
critical pressure distributions obtained from the shaking table measurements was
simplified as given in Figure 3.49. Peak value of the triangular dynamic pressure
distribution is denoted as P4. P4 value was taken as the maximum pressure value
measured at the upper corner of culvert in the shaking table tests. It was normalized
with the geostatic vertical stress, o, mig, at mid-depth of the culvert. The resulting

factor was defined as dynamic lateral pressure coefficient, kq:

By

k, = (3.12)

O-v,mid

Figure 3.50 and Figure 3.51 shows the variation of ky with respect to free-field shear
strain (at mid-depth of the structure) and maximum input acceleration for different
culvert models. As mentioned in section 3.5.5, flexibility ratio of a culvert varies with
the intensity of dynamic motion. It is strongly dependent on the degraded soil shear
modulus and accordingly shear strain. For this reason, the culvert models are

represented by initial flexibility ratio, IFR, values as given in Figure 3.50 and Figure
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3.51. IFR value is defined as the ratio of maximum soil shear modulus to structural

racking stiffness.

Pd - Pd
—> —>
Culvert
« «
) I:)d ) Pd

Figure 3.49. Simplified dynamic pressure distribution acting on the sidewalls of culvert

0.25
0.2
0.15
x
0.1 -
0.05 -
0
0.0E+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03
Shear Strain
¢C1(IFR=32.8) mC2(IFR=9.9) AC3 (IFR=2.3) C4 (IFR=0.52)

Figure 3.50. Variation of k4 (dynamic lateral pressure coefficient) with respect to free-field
shear strain and IFR (initial flexibility ratio)
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Figure 3.51. Variation of k4 (dynamic lateral pressure coefficient) with respect to maximum
input acceleration and IFR (initial flexibility ratio)

The variation of ky with respect to shear strain and maximum input acceleration
were approximated by logarithmic and linear curves respectively. Approximated

equations of the curves for different IFR values are given as follows:

For IFR=32.8:
kg =0.0329 In(y )+ 0.5005 (R?=0.9659) (3.13)
kg =0.2921 @, +0.0082 (R?=0.978) (3.14)
For IFR=9.9:
kg =0.0397 In(y, )+ 0.4084 (R®=0.9518) (3.15)
kg =0.3717 @ +0.0051 (R*=0.9938) (3.16)
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For IFR=2.3:

ky; =0.0479 In(y,) + 0.5005 (R*=0.9659) (3.17)

ky =0.3676 a,, +0.0264 (R*=0.9718) (3.18)
For IFR=0.52:

k; =0.0526 In(y,) +0.5505 (R*=0.9659) (3.19)

kg =0.4307 a,,, +0.0261 (R?=0.9914) (3.20)

where, am.x maximum input acceleration in g and v, is the free-field strain at

mid-depth of culvert.

The intensity of shaking is better represented by shear strain as compared to
maximum input acceleration. Hence, it is recommended to estimate the dynamic
lateral pressure coefficient by using the ky versus shear strain curves shown in
Figure 3.50 or corresponding approximated equations given for different IFR values.
It should be noted that the given curves are valid in the range of shear strain

between 0.00 and 0.002. Experimental validation is required for higher strains.

3.5.9 Effect of embedment depth

1-g shake table tests were conducted on the most flexible and rigid culvert models,
(C1, C4) to investigate the variation of dynamic lateral pressure coefficient (ky) at a
different embedment depth. Culverts were buried in the model ground at a depth of
60cm. The same procedure and testing program applied previously was repeated in
these tests. The embedment ratio, h/H, in the previous experiments was 2, while in
the present tests was taken as 3. Figure 3.52 shows the variation of ki with
maximum input acceleration and embedment depth ratio for the culvert models C1

and C4. It was observed that ky values were very close to each other for both
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embedment depth ratios 2 and 3. This result indicate that the embedment ratio has
little influence on the dynamic lateral pressure coefficient when the embedment
depth ratios 2 and 3.
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Figure 3.52. Comparison of dynamic pressure lateral coefficients at embedment depth ratios
of h/H=2 and h/H=3.

3.5.10 Proposed simplified approach for the preliminary assessment of

box-shaped culverts buried in dry sand

Based on the results obtained in shaking table tests, a simplified procedure was
developed for the preliminary design of the box-shaped underground culverts.
Considering the form of dynamic pressure distribution acting on the sidewalls of a
culvert, a simplified frame model was proposed as shown in Figure 3.53. As seen

from the figure, culvert model is assumed to be fixed at the bottom. Total lateral
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pressure is divided into static pressure (cs) and dynamic pressure (c4). Maximum
absolute values of the dynamic pressure are denoted as P4. Additionally, there

exists shear stress (1) acting on the upper face of the culvert model.

Ps —» — & 5 Py -
X <4
—>
—> —P
_’
Os Od Culvert Gd Cs
15\
< PR
‘_.
\\ D |
Pd Pd

Figure 3.53. Simplified frame analysis model

All these stresses can be determined by the following ways:
i) Static Pressures

The lateral static pressure acting on the sidewalls of the underground culvert can

simply be calculated by the following equation:

o. =Kih (3.21)

where, v is the unit weight of the soil, h is the soil depth and K is the lateral earth

pressure coefficient. Recalling that the culvert is restrained by the soil at both sides,
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the lateral earth pressure coefficient K can be taken as Kj (at rest earth pressure

coefficient). K, can be calculated by Jaky’s (1948) equation:
K, =1-sing (3.22)
ii) Dynamic Pressures

In order to estimate the maximum absolute value (Py) of dynamic pressure

distribution, a step by step procedure is given as follows:

1) Estimate the free-field strains around the culvert model by applying one

dimensional ground response analysis.

2) Calculate the structural stiffness for a unit racking deflection using a
structural analysis program. Find the initial flexibility ratio by dividing
maximum soil shear modulus by the racking stiffness. For single barrel
frames Equation 3.8 suggested by Wang(1993) can be used to determine
the flexibility ratio.

3) Determine the lateral dynamic pressure coefficient (kq) based on the free-
field shear strain and flexibility ratio obtained in Step 1 and Step 2 by using
Figure 3.50 or approximated equations (Equation 3.13, 3.15, 3.17, 3.19).

4) Calculate the maximum absolute value (Py) of the dynamic pressure
distribution by multiplying the o,mq by the lateral dynamic pressure

coefficient, kg.
. iii) Shear Stresses

The cyclic shear stresses acting on the interface between soil and culvert upper face
can be estimated from one dimensional ground response analysis. An alternative
way for the prediction of the cyclic shear stress is using the simplified procedure
developed by Seed and Idriss (1971). In this approach, first, it was assumed that a

soil column moves as a rigid body with a surface peak acceleration (amax)
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(Figure 3.54). Based on this assumption maximum shear stress on a soil element at
depth h, is given by:

(T), = e (3.23)
g

where (tmax)r is the maximum shear stress, y is the unit weight of the soil and g is
gravitational acceleration.

Depth

4+—

(Tmax)r= 'Y-h-amax /g

Figure 3.54. Maximum shear stress at depth h when the soil behaves as a rigid block

Next, considering that the soil is a deformable body, a stress reduction coefficient
(rq) was introduced and maximum shear stress was modified as:

(Tmax)d = rd (Tmax)r

(3.24)

where (tmax)q i the maximum shear stress at depth h when the soil behaves as a
deformable body.
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Finally, the maximum shear stress (tmax)q is reduced by a factor of 0.65 so as to
obtain the equivalent uniform cyclic shear stress. Thus, equivalent cyclic shear

stress at any depth h, becomes:

a
7, =0.65/h—"r, (3.25)
g

Stress reduction coefficient (rq) values can be estimated by applying the procedure
of Cetin and Seed (2004). In this procedure, several response analyses were
employed by statistically processing the results of the analyses. The closed form

solutions for predicting the ry values are given as follows:

If d<20 m (~65 ft) Then,

*

~23.013-2.949% ap . +0.9999% M., +0.0525¢V |,

1+
0.341x(~d +0.0785¢V, |5, +7.586)

* 16258+0.201xexp
”d(d’Mw’ama)eVs,lQm)_ = +Ggr
~23.013-2.949x a0 +0.9999 M |, +0.0525¢V |, d
1+ 2
S
0.341x(0.0785%<V 1, +7.58
16.258+0.20 Ixexp ( s12m *7-380
(3.26)
Else,
~23013-2.949%ayp, +0.999% M, +0.0525¢ VS* 1m
1+ 2
%
0.341x(—d+0.0785¢V 1 5, +7.586
% 16258+0.20 Ixex 5 -
1 (d: Myt 20) = P — —0046x(d-20F
~23013-2.949% a4, +0999KM,, +0.0525<V |, d
1+ 2

*
0341x(0.0785V, 1, +7.58
162584020 kexp ¢ s12m+ 7389

(3.27)
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where, d is the depth of soil block, M,, is the moment magnitude, an. is the peak
ground acceleration and Vs*,mm is the equivalent shear wave velocity of top 12m.

Standard error terms for the above equations are as follows:
If d < 12m (~40ft) Then,

_ 70.850x0.0198 (3.28)

O¢g
;
d

If d > 12m (~40ft) Then,

o, _120.850x0.0198 (3.29)

Estimated shear stresses must be smaller than the friction between the soil and
culvert. Therefore, it is suggested that the calculated shear stresses should be
checked by comparing with the maximum friction. Maximum frictional stress, o, can

be simply calculated by using the following equation:

oy =0, tand (3.30)

where, o, is the overburden stress at culvert upper surface and & is the interface

friction angle between the culvert and soil.

The proposed simplified approach for the preliminary assessment of box-type

culverts can be summarized as follows:
1) Calculate the static stresses acting on the sidewalls of the culvert using the at rest
lateral earth-pressure coefficient.

2) Compute the free-field strains by applying one dimensional ground response
analysis and estimate the lateral dynamic pressure absolute value (Pq4) by using the

chart (Figure 3.50) or approximated equations.
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3) Estimate the shear stress acting on the interface between soil and culvert roof
either from one dimensional ground response analysis or simplified procedure

developed for the determination of cyclic shear stress.

4) Compare the estimated shear stress with frictional stress between the culvert and

soil and use smaller one in the analysis.

5) Apply the obtained shear and lateral normal stresses on the simplified frame

model as shown in Figure 3.53.

3.5.11 Comparison of Proposed Simplified Approach with Closed-Form

Solutions

As described in Chapter 2, Penzien (2000) and Huo et al. (2006) proposed
analytical models for the assessment of rectangular underground structures
subjected to dynamic loading. In these approaches, a racking coefficient, R, was
estimated by considering the relative stiffness between the soil and structure. R was

defined as the ratio of structure deformation to free-field deformation.

Racking ratios of culvert models tested with 1-g shake table were estimated by
using the closed-form solutions. Results were compared with the predictions of
suggested simplified procedure. Figure 3.55 indicates the variation of estimated
racking ratio values with respect to flexibility ratio, FR. For FR values greater than 5,
proposed simplified approach gives higher racking ratios as compared to Penzien
(2000) and Huo et al. (2006) closed-form solutions. On the other hand, for FR
values less than 5, the closed-form solutions predict higher racking ratios. It should
be noted that the below chart is very sensitive to maximum and degraded shear
modulus. Therfore, determination of shear modulus is the most important step when

calculating the racking ratios.
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Figure 3.55. Comparison of simplified approach’s results with analytical solutions
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CHAPTER 4

DYNAMIC CENTRIFUGE TESTS ON A FLEXIBLE BOX CULVERT AND
COMPARISON OF RESULTS WITH SIMPLIFIED APPROACH

4.1 Introduction

In the 7" Framework Programme of the European Community, selected research
teams can access the seismic engineering infrastructures in Europe under the
SERIES (Seismic Engineering Research Infrastructures for European Synergies)
project. A transnational access (TA) project with Grant Agreement No. 227887 led
by Middle East Technical University (Turkey) in conjunction with University of
Kaiserslautern (Germany) was accepted and committed to IFSTTAR (Institut
francais des sciences et technologies des transports, de 'aménagement et des
réseaux)-France for using the centrifuge facility. The TA project is called as
DRESBUS which is the shortened title of “Centrifuge modeling of dynamic behavior

of box-shaped underground structures in sand”.

The aim of the TA research is to investigate the dynamic response of box-shaped
underground structures experimentally under harmonic motions. The major
variables considered in this research are the relative stiffness between the structure
and soil and intensity of shaking. TA project has just started in 2011 and the
centrifuge tests were conducted only for free-field condition and flexible
underground structure. The centrifuge system, the methodology and the results of
the tests for the flexible underground structures are discussed in detail in the

following sections.
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4.2 Centrifuge test system

Centrifuge tests were carried out in the LCPC-IFSTTAR geotechnical centrifuge
laboratory in Nantes-France. The geotechnical centrifuge is a beam type centrifuge
with a swinging basket platform. The radius of the centrifuge is 5.5m and the
dimensions of swinging platform are approximately 1.4m x 1.2m. The centrifuge is
capable of carrying a maximum payload capacity of 2 tones model at a centrifugal
acceleration of 100g. General view of the geotechnical centrifuge at LCPC-IFSTTAR

is illustrated in Figure 4.1.

Figure 4.1. General view of the beam centrifuge at IFSTTAR

In order to make dynamic tests in geotechnical centrifuge, an earthquake simulator
system is placed into the basket. The system includes a flexible equivalent shear
box model container, shaker and counter weights. Base excitation is given by the
shaker only in horizontal direction. The shaker can simulate harmonic motions and

real earthquake motions.
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4.2.1 Earthquake simulator

An electrohydraulic shaker was used in the centrifuge tests. The shaker can
generate multiple successive shakings without stopping the centrifuge during the
flight. It is capable of generating 1-dimensional harmonic or real earthquake
motions. In this study, centrifuge test were performed by using only harmonic
motions. The motions are produced by a linear hydraulic actuator to drive the 400kg
payload capacity shake table mounted on hydraulic bearings. The displacement of
the actuator and oil flow can be controlled by a servo-valve. For harmonic motions,
the actuator has a peak displacement of 5mm in model scale. Frequency range
changes between 20-200Hz (model scale) and maximum duration of the sinusoidal
input signal is 1 second (model scale). Peak acceleration that can be produced by
the shaker is 0.5g (prototype scale). The cross section of the shaker system is

depicted schematically in Figure 4.2.

Counter weights
Equivalent
/\; _~~ Shear Box

payload /

}

N

Hydraulic bearings

Centering jack > -

Shakinﬂ table !f

— Basket Platform
Oil return tank

Figure 4.2. Schematic view of the shaker system
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4.2.2 Soil container

The flexible soil containers such as laminar box or equivalent shear beam (ESB) box
are commonly preferred by the researchers in the dynamic model tests. Thus, free-
field boundary conditions are approximated and the soil can deform in a shear
mode. Within the scope of this study, an ESB container was used in the dynamic
centrifuge model tests. The soil container has internal dimensions of 0.80m (length)
x 0.35m (width) x 0.41m (height). For a 40g centrifugal acceleration, the prototype
dimensions of the container is 32m in length, 14m in width and 16.4m in height. The
ESB box consists of 15 aluminum alloy frames separated by rubber sheets. The box
is restrained in transverse direction and allowed to move in longitudinal direction

during shaking. General view of the equivalent shear beam box is shown in Figure
4.3.
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Figure 4.3. General view of the equivalent shear beam box designed by IFSTTAR
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4.2.3 Data acquisition system

An onboard computer was installed on the centrifuge arm so that data acquisition
system placed in the swinging basket is controlled by the computer, remotely. LMS
Scadas data acquisition system was used during the centrifuge tests. It is a high
flexible card with various signal conditioning modules. There are 72 channels for
voltage, ICP accelerometers and 48 channels for strain gauge, voltage and ICP
accelerometers. The card incorporates 24bits Analog to Digital Converter with a
maximum sampling rate of 25kHz. Data are collected by LMS data acquisition

system and sent to control room over the wireless network.

4.2.3.1 ICP accelerometers

Bruel Kjaer model piezo-electric accelerometers were used in the tests. They are
lightweight and sufficiently small to be used in centrifuge model tests. There are

totally twenty six accelerometers buried in sand and placed on the culvert model.

4.2.3.2 Strain gauges (Extensometers)

Two systems of extensometers were developed by IFSTTAR and GAROS for
measuring the deformations of buried culvert model. The first system (Figure 4.4)
was designed to determine the displacement profile of the side walls of culvert
model due to soil pressure under dynamic loading. In this system, there are 5 pairs
of independent extensometers (thin metal rods) located on the left and right side of
the box model at different levels (Figure 4.5). Strain gauges were placed on the rods
to measure the deformation of the walls at each level. In order to satisfy the stability
of the system, the extensometers were attached to a rigid body fixed to the bottom
slab of the box. The displacements of the side walls were determined by measuring

the change in voltage proportional to the deformations of the extensometer.
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Figure 4.4. General view of the extensometer system measuring the lateral displacement of
the side walls.

Independent extensometers

— Rigid body

The system fixed to the bottom slab

Figure 4.5. Cross section view of the extensometer system measuring the lateral
displacement of the side walls.
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The second system (Figure 4.6) was developed for measuring the racking
deformation of the buried culvert model. For this purpose, a strain gage type
extensometer was placed diagonally inside the box. It was designed as stiff as
possible so as to avoid its resonance frequency under dynamic loading. The
measuring principle of the system is based on the change in chord length of the
extensometer. The diagonal extensometer was placed into the culvert model with an
arch form (Figure 4.7). As the model deforms the strain gages located at mid-span
of the extensometer measure the deformation of arch. There were totally four
diagonal extensometers used in the centrifuge tests. Two of them were located near
the central section and the others were located near the both extremities of the

culvert model.

=7
P oo

Figure 4.6. General view of the diagonal extensometer system measuring the racking
deformation
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Strain Gage
Diagonal Extensometer

Figure 4.7. Schematical drawing of the diagonal extensometer placed in the culvert model

4.2.4 Physical properties of the sand

Dry Fontainebleau sand was used in the dynamic centrifuge tests. It is uniform silica
fine sand with rounded particles. Average particle size diameter (Dsy) of the
Fontainebleau Sand is 0.20mm. The sand was placed into the equivalent shear
beam box at a relative density of 70%. Physical properties of the sand are presented
in Table 4.1.

Table 4.1. Physical properties of the dry Fontainebleau Sand determined by IFSTTAR

Fontainebleau Sand

Minimum void ratio 0.55
Maximum void ratio 0.86
Minimum unit weight (kN/m°) 13.93
Maximum unit weight (kN/m?®) 16.78
Mean diameter (Dso) (mm) 0.20
Specific gravity 2.64
Friction Angle 38°
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Maximum shear modulus of the Fontainebleau sand was estimated by using the

following relationship proposed by Hardin and Drnevich (1970):

2
Ginax =3230. 2273797 gk ()2 (4.1)
(1+e)

where G is the maximum shear modulus in kPa, e is the void ratio, OCR is the
overconsolidation ratio, k is a parameter depending on the plasticity of soil and ¢’ is
the mean effective stress in kPa. For a relative density of 70%, the maximum shear

modulus at mid-depth of the culvert was estimated as 56500kPa.
4.2.5 Preparation of model ground

Sand pluviation method was used to obtain a consistent and uniform soil density for
the dynamic centrifuge tests. Dry Fontainebleau sand was pluviated into the ESB
box by means of IFSTTAR automatic hopper. Falling height of the hopper was tried
to be kept at 60cm during sand filling operation. A sketch and a photo of the
pluviation system are depicted in Figure 4.9. Density control boxes were placed in
the box to measure the relative density of the soil. Besides, Cone Penetration Tests
(CPT) were conducted in centrifuge to check the uniformity and repeatability of the
sand specimen filled by pluviation. The tests were performed without measuring the
side friction, before and after shake. The CPT device (Figure 4.8) was equipped with
a force sensor having 12mm diameter at the rod tip for measuring the cone
resistance (q.). It is on board and can be loaded remotely during the flight. CPT test

procedure can be summarized as follows:

1) The device is installed in the swinging basket before starting the centrifuge.

2) The centrifuge is started and the model is then spun up to 40g.

3) At 40-g level CPT test is performed and data are taken remotely.

4) The centrifuge is then switched off and CPT device is taken out.

5) Laser displacement sensors were placed above the sand surface to measure the

settlements after shaking.
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6) After shaking the centrifuge, same procedure (1-4) is repeated.

Measurements showed that a homogeneous model ground was attained at a
relative density of 70%.

; Dry
. )JE s Fontainebleau
ESB box &€ Sand
CPT rod tip 0
with 500daN |

force sensor

Figure 4.8. General view of CPT device in IFFSTAR

4.2.6 Reduction scaling and scale effects

The equivalent shear beam (ESB) box used in the centrifuge experiments was
designed for 40g centrifugal acceleration. Considering the performance of the ESB
box, the centrifuge tests were performed under the 40g gravitational field to simulate

the prototype. Table 4.2 presents the scaling rules for a 40g centrifugal acceleration.
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ESB box i \‘
i | 60cm

Figure 4.9. Schematic drawing and photo of sand pluviation in IFSTTAR
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Table 4.2. Scaling rules for a 40g centrifugal acceleration.

Mass density

Parameter Prototype Model
Gravity 1 40
Length 40 1

Area 40° 1
Volume 40° 1
Mass 40° 1
Force 407 1
Energy 40° 1
Stress 1
Strain 1
1

1

NS\ I N I U [ N -

Energy density
Acceleration 40
Time (dynamic) 40 1
Time (diffusion) 407 1
Velocity 1 1
Frequency 1 40

Acceleration within the model increases from surface to the bottom of the model due
to the increase in radius. In the present study, the region around the culvert model is
of interest for evaluating the dynamic response of the box culverts. For this reason,
at the mid-depth of the culvert model zyg=7.5cm, Ryg=4.794 was taken as the
reference radius. For a scale factor of N, the centrifugal acceleration A(zyg) is given

as follows (Taylor, 1995):
A(zy,)=®’Ry, = Ng (4.2)

Similarly, the centrifuge acceleration A(z) at any depth z in the model can be

expressed as:
A(z) = o’R, (4.3)
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where o is the natural circular frequency and the radius at depth z R,:
R, =Ry, +(Z—ZNg) (4.4)

The vertical stress o; at any point in the model at depth z can be given by:

0. = [ pA(z)d(2) (4.5)

Then, following equation is obtained by substituting Equation 4-3 and 4-4 into

Equation 4-5,

o= j pa?[Ry, +(z =2, ) H(2) (4.6)

Solution of Equation 4-6 is given by:

2

2R R

o, =pNg| z+ (4.7)

Ng Ng

Equation 4-7 gives the stress at depth z in the model under a gravitational field of

Ng. At the prototype scale the stress can be defined as:

o, =P8z, (4.8)

where z, is the depth in the prototype. If the stresses are to be the same in model

and prototype, then z, is computed as follows:

2 ZuZ
z =N|z+— - (4.9)
2R,, R,
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where N=40, zyg=0.075m and Ryg=4.794m

The average grain size (Dso) of the Fontainebleau Sand used in the centrifuge tests
is 0.2mm. Minimum dimension of the culvert model is 4.7cm. Thus, the ratio of
model size to average grain size is calculated as 235. This ratio is high enough to

avoid grain size effects.

4.2.7 Design and manufacturing of the culvert model

The underground culvert model was manufactured by IFSTTAR. It was made of
Aluminum 2017. In order to avoid fabrication stresses and strains, it was preferred to
be manufactured by extrusion instead of welding. Dimensions of the culvert model

were determined by considering the following features:

1) Ratio of length to the cross section dimensions of the culvert model should be as

high as possible to satisfy the plain strain condition.

2) Boundary effect: The culvert model should be placed in the middle of the
boundary so as to eliminate the boundary effects. Distance between the model and

side boundaries should be kept as much as possible.

3) Relative stiffness between the culvert model and soil: Thickness of the walls and

slabs were determined by computing the relative stiffness.

4) Structural deformations due to dynamic loading: Slabs should be thick enough to

prevent the bending deformation due to dynamic loading.

5) Prototype dimensions: Scaling ratio and the model dimensions should be

optimized together to represent the prototype dimensions.

6) Instrumentation: Sensor size should not be too big as compared to culvert model

dimensions.

Based on the features given above, the culvert model dimensions were specified as
4.7cm (width) x 5cm (height) in cross section and 35cm in length. Thickness of the

slabs and side walls were determined as 6mm and 1.5mm, respectively. Based on
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the scaling rules, corresponding prototype dimensions of the culvert are 1.88m
(width), 2.00m (height) and 14m (length).

Extremities of the tunnel section were closed with thin teflon plates. Thus, sand did
not enter the culvert and friction between the culvert and equivalent shear beam box
was reduced. In order to provide free movement at culvert ends under dynamic
loading, two pieces of foam was placed between the culvert and teflon plate at both
extremities. Due to the small stiffness of the foam material, culvert model can easily
move during the dynamic centrifuge tests. Cross section and longitudinal section of
the culvert are given in Figure 4.10.

“»| le | 5cm

Teflon plate Foam material

5cm Aluminum

35cm
b)

Figure 4.10. a) Cross section of the culvert model b) Longitudinal section of
the culvert model
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4.2.8 Test instrumentation

There are totally twenty six accelerometers used in the centrifuge tests. Two
accelerometers were set on the upper and lower parts of culvert model for
assessing the racking deformation while others were buried in the soil and placed on

the ESB box. Layout of the accelerometers is indicated in Figure 4.11.

< Horizontal Accelerometer // Y

X @ Horizontal Accelerometer // X
Y 360mm | | 400mm
326mm | ‘ \ | 180mm
v L | o _
BT N I 1
V700 o __ 1
[ - 4’_4__ __________ j:_____—q
I S I A ﬂ,_q__ R — I —_ ]
I : I I —
— I
‘g Fontainebleau : : : :
- | |
< Sand [ | { :
| |
— _l__Jl.___<|. ____________ l | —]
| | |
: : | Threaded Rods |
|
— : : I To Sustain I [r—
| I
| |
| : <l] Complementary :
P | P
v | | = Stresses l |
|
800mm |

Unit:mm

Shaking Direction

Figure 4.11. Layout of the accelerometers used in the centrifuge tests.
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The box culvert was buried in Fontainebleau sand at a depth of 7.5cm. Five pairs of
horizontal extensometers were mounted on side walls at different heights to
measure the lateral deformations (Figure 4.12). They were located in the central
section of the culvert. Four pairs of diagonal extensometers were placed diagonally
for evaluating the racking deformations (Figure 4.12). Two of them were near the
central section and others near the ends of the culvert.

Diagonal Extensometers

%XC A

HEEERNY

A 4

<—B <«—cC <A
Horizontal Extensometers

a) Positions of the extensometers along the culvert box

QA
y

b) Section view CC c) Section view of AA and BB
(Horizontal Extensometers) (Diagonal Extensometers)

Figure 4.12. Layout of the extensometers inside the culvert model
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4.2.9 Test procedure

The centrifuge tests were performed on the flexibility culvert model under harmonic

motions. Inertial dimensions of the culvert are 44mm (width), 38 mm (height) and

350mm (length). Thickness of the roof and invert slabs are 6mm and thickness of

the side walls 1.5mm. Two centrifuge tests were conducted at different frequencies

and acceleration amplitudes. The testing program is summarized in Table 4.3.

Table 4.3. Centrifuge testing program

Acceleration (g) Frequency (Hz) Duration (s)
Test # Model
(Prototype scale) (Prototype scale) (Prototype scale)
1 Free-Field 04 3.5 15
2 Flexible Culvert 0.4 3.5 15
Flexible Culvert 0.25 3.5 15

As can be seen from Table 4.3, one test was performed for free-field condition and

the others were conducted at presence of the culvert model under 40g centrifugal

acceleration. The detailed procedure for the centrifuge tests can be described as

follows:

1) Dry sand was filled into the ESB container by pluviation method to obtain

a consistent and uniform soil density. Falling height was kept constant at

60cm and tuned at every 2 round trips.

Accelerometers were buried into the soil during filling operation. When

the sand level was at a depth of 100 mm, the culvert model was placed

into the box (Figure 4.13). Extensometers were mounted into the box

before the placement. After that, accelerometers were set up on the

culvert model and the dry sand was pluviated into the box until it was full.

ESB box was placed on the swinging basket platform of the centrifuge

facility. The CPT device was set on the ESB and centrifuge was switched
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on and the ESB box was spun up to 40g. When the centrifuge beam
rotated at 40g, the CPT test was carried out for checking the soll
uniformity. The CPT tests were conducted at two points in the model
ground. Then the centrifuge was switched off and the CPT device was

taken out.

4) The centrifuge was switched on and spun up to 40g again. During its
flight with an acceleration of 40g, the model was shaken by applying

harmonic motions in horizontal direction.

5) After the shaking, CPT test was repeated as explained in step 3.
Settlements after shaking were recorded by laser displacement sensors.
The same procedure from step 1 to 5 was repeated for various harmonic

motions having different accelerations.

Figure 4.13. General view of the culvert during preparation of centrifuge model
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4.3 Results and discussions

4.3.1 CPT test results

Variation of the cone penetration tip resistance along the depth of sand specimen
was recorded at four different boreholes (Figure 4.14). The depths are corrected by
using the Equation 4-9 and then plotted against the tip resistance values before
shaking. Figure 4.15 shows a uniform ground model obtained by pluviation. Average
settlement of the sand after shaking is about 6.5mm in the model which corresponds

to 26cm in the prototype.

O CPT boreholes (P4, P2)

ESB Box
" A
I130mm : 130mm
P
230mm P 2 230mm
________________________________ 3%0mm | |
! SAND
400mm ‘E

Figure 4.14. Location of the CPT boreholes
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Tip Resistance (kPa)

0 5000 10000 15000 20000

Depth (prototype scale) (m)

14

= = Test1(0.49-3.5Hz) P1 = = Test1 (0.4g-3.5Hz) P2
= = Test2 (0.25g-3.5Hz) P1 = = Test 2 (0.25g-3.5Hz) P2

Figure 4.15. Variation of CPT tip resistance along the depth of soll

4.3.2 Free-field test results

Free-field test was performed under a 40g centrifugal field, with a prototype
acceleration of 0.40g and frequency of 3.5Hz. The results of the test were used for
evaluating the acceleration response, displacements and shear strain of model

ground.

4.3.2.1 Maximum accelerations along the soil profile

The accelerations in the dry sand were recorded at different heights as shown in
Figure 4.11. Recorded maximum accelerations at those heights were normalized
with the maximum input acceleration measured on the shaking table and plotted

against the soil depth (Figure 4.16). As can be seen from Figure 4.16 acceleration
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amplification increases gradually from 16m to 4m and from that point increases

sharply near the surface.

Normalized Acceleration

1 1.2 1.4 1.6 1.8
O

10

12

Depth (Prototype Scale) (m)
(0]

14

16

18

Figure 4.16. Variation of maximum acceleration along the soil profile

Figure 4.17 shows the fourier spectra of the acceleration records at different levels
in the model ground. As seen in the figure, fourier amplitude increases from base to
surface at low frequencies. On the other hand, soil damps the high frequency

components of the motion.
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Figure 4.17. Fourier spectra of the acceleration records along the soil profile
a)Soil base b)10.5m below surface ¢)40cm below surface
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4.3.2.2 Evaluation of displacements and shear strains

Displacement and shear strains were calculated from the acceleration
measurements. For this purpose, the acceleration records were integrated twice and
displacement time histories were obtained. Before the integration process,
accelerometers were filtered with a bandpass filter from 20Hz to 600Hz (0.5Hz to
15Hz corresponding to the prototype) to prevent the undesired errors and

misleading results.

Layout and location of the acceleration transducers are given in Figure 4.18. There
were totally twenty three accelerometers numbered from 1 to 23. Most of the
accelerometers were placed between 100mm depth and soil surface in the model
for evaluating the shear strains near the culvert. Average shear strain between the

two accelerometers can be calculated by:

_dy—d;
7 P (4.10)
where v is the shear strain, d,, d, are the integrated displacements at points 1, 2 and
zZ1 ,Zo are the heights at points 1, 2, respectively. If there are three consecutive
accelerometers in a soil column, the shear strain at depth z can be given by a

second order approximation (Zeghal & Elgamal, 1994) :

(ds _di)w‘f'(d,’ _di_l)w
e e @.11)

(zip1—2zi21)

v(z;)=

Free-field shear strain at the mid-depth of culvert was calculated from the results of
accelerometers no. 7,8,9,11,12,13 (See Figure 4.18). Resulting average shear strain
was found to be 3.6x10. Integration of the acceleration records obtained from
accelerometers no. 15,16,17 gives higher displacements. The corresponding strain

obtained from those displacements is 4.5x10°. This may be due to the sidewall
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effect of the equivalent shear box. For this reason, the culvert model was placed in

the middle of the equivalent shear beam box.

Z <d Horizontal Accelerometer // Y
@ Horizontal Accelerometer // X

400mm

w
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®
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v ' : <21
e ———<i-1f)——<h¢ —————————— —~<18
NE
— VT 10C ———<i-9——— B ———_——— = - <120
—— - ——— ¥ —— ———<f&— 2 — /jjﬁ—————<]19
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| |
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[
| ' | Threaded Rods : —
l | S —>
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Figure 4.18. Layout and numbering of accelerometers used in free-field test
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4.3.3 Results of culvert model tests

4.3.3.1 Shear strain

Displacement and shear strains obtained from Test 2 (3.5Hz-0.40g) were almost the
same as the free-field test results (Test 1). In Test 2, The average shear strain at the
mid-depth of the culvert model was calculated as 3.4 x 10° which was 3.6 x 107 in
free-field tests. This result can be interpreted as that the culvert model conforms to
ground motions during the dynamic loading. For Test 3 (3.5Hz-0.25¢g) the average

shear strain at the mid-depth of culvert was found to be 2.2x107>.

4.3.3.2 Culvert deformations

Accelerometers and extensometers were used to measure the culvert deformations.
Acceleration transducers were placed at the upper and lower parts of the culvert to
estimate the racking deformations. Racking deformations were also determined by
diagonal extensometers located in the culvert model. Sidewall deformations were

determined by using horizontal extensometers.

There are 5 pairs of horizontal extensometers at the sidewalls of culvert model.
They are labeled from HE1 to HE10 as given in Figure 4.19. These extensometers
measure the cyclic horizontal deformations during the centrifuge test. Figure 4.19 to
Figure 4.22 show the deformation time histories at the sidewalls of culvert model for
Test 2 (3.5Hz-0.40g) and Test 3 (3.5Hz-0.25g), respectively. Although cyclic
deformations at the left and right sidewalls are not perfectly equal to each other,
records are reasonably consistent. Slight differences may arise from the calibration
and sensitivity of extensometers. Deformations increase with a decreasing rate from
bottom slab to upper slab of culvert and the measurement of displacement mode on
the culvert sidewalls show the expected opposite phase between the reciprocal

extensometers (Figure 4.23, Figure 4.24).
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Figure 4.19. a) Cyclic horizontal deformations measured at the left sidewall (Test 2)
b) Closer view of deformations measured at the left sidewall (Test 2)
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TEST 2 (3.5Hz-0.4g)
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Figure 4.20. a) Cyclic horizontal deformations measured at the right sidewall (Test 2)
b) Closer view of deformations measured at the right sidewall (Test 2)
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TEST 3 (3.5Hz - 0.25g)
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Figure 4.21 a) Cyclic horizontal deformations measured at the left sidewall (Test 3)
b) Closer view of deformations measured at the left sidewall (Test 3)
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TEST 3 (3.5Hz - 0.25g)
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Figure 4.22. a) Cyclic horizontal deformations measured at the right sidewall (Test 3)
b) Closer view of deformations measured at the right sidewall (Test 3)
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Figure 4.23. Comparison of deformations between reciprocal extensometers located on
sidewalls (Test 2 - 3.5Hz - 0.409)
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Figure 4.24. Comparison of deformations between reciprocal extensometers located on

sidewalls (Test 3 - 3.5Hz - 0.259)
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Table 4.4 presents the measured horizontal deformations at sidewalls of the culvert
for Test 2 and Test 3.

Table 4.4. Deformations measured by horizontal extensometers for Test 2 and Test 3.

Horizontal Deformations (mm)

TEST 2 (3.5Hz-0.40g) TEST 3 (3.5Hz-0.25g)

Elevation from
Culvert Bottom | Left Sidewall | Right Sidewall | Left Sidewall | Right Sidewall
(m)

1.6 4.7 41 4.2 3.6
1.3 4.8 4.0 4.2 3.6
1 3.3 3.3 2.8 29
0.7 1.6 2.0 1.3 1.7
0.4 0.3 0.8 0.2 0.7

There are 4 diagonal extensometers along the longitudinal section of the culvert
model. The relative displacement between the lower and upper slabs was
determined by measuring the variations in diagonal deformation of culvert. Figure
4.25 and Figure 4.26 show the variation of average relative horizontal deformation
obtained from 4 diagonal extensometers for Test 2 and Test 3, respectively. In Test
2 (3.5Hz-0.4g) the maximum racking deformation at the inner side of the upper slab
was measured as 3.6mm and in the third test racking deformation reduced to
2.8mm.
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TEST 2 (3.5Hz - 0.40g)

Racking deformation (mm)

Time (s)

Figure 4.25. Racking deformation time history measured inside of culvert

TEST 3 (3.5Hz - 0.25g)

Racking deformation (mm)
o

Time (s)

Figure 4.26. Racking deformation time history measured inside of culvert

Two accelerometers were placed at the upper and lower parts of the culvert model
to obtain the relative deformation, indirectly. Displacements were calculated by
double integration of the acceleration time histories. Figure 4.27 presents the
variation of racking deformation (relative deformation between lower and upper slab)
with respect to time. The maximum racking deformation in Test 2 was computed as
6mm. This value was consistently higher than the deformation values measured by

extensometers. Spurious accelerations created by the centrifuge shaker may have
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caused misleading results by increasing the actual accelerations. For this reason, in

Test 2, deformations were evaluated only by using extensometer measurements.

Racking Deformation (mm)

TEST 2 (3.5Hz - 0.4g)

30

Time (s)

Figure 4.27. Racking deformations obtained from accelerometer records

In Test 3, racking deformation obtained from the accelerometers is consistent with

the deformation measured from diagonal extensometers.

deformation was found to be 3.4mm.

Maximum racking

Racking Deformation (mm)

TEST 3 (3.5Hz - 0.25g)

30

Time (s)

Figure 4.28. Racking deformations obtained from accelerometer records
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Based on the deformation measurements, average values of sidewall horizontal

deformations in prototype scale for Test 2 and Test 3 are summarized in Table 4.5.

It was assumed that deformation measured inside of the top slab is equal to extreme

top of culvert model.

Table 4.5. Average Deformation Along the Sidewalls of the Culvert in Prototype Scale

TEST 2 (3.5Hz-0.40g)

TEST 3 (3.5Hz-0.25¢)

. Average Sidewall Average Sidewall
Elevation from . .
Deformation Deformation
Culvert Bottom (m)
(mm) (mm)

2.0 3.6 2.8
1.76 3.6 2.8

1.6 4.4 3.9

1.3 4.4 3.9

1 3.3 2.85

0.7 1.8 1.5

04 0.55 0.45

0 0 0

4.3.4 Verification of simplified approach by centrifuge tests

In chapter 3, the simplified approach was proposed for the preliminary assessment

of box type culverts buried in dry sand. This approach is applied to the centrifuge

data in order to compare the measured deformations of a flexible culvert model

tested in centrifuge under dynamic loading. The steps followed for Test 2 and Test 3

are given below:
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For Test 2 (0.49-3.5Hz)

1) Initial flexibility ratio (IFR) of the culvert model tested in centrifuge can be
calculated by using the following equation (for single barrel frames) proposed by
Wang (1993):

[FR = Cmax [

(4.12)

24

Hw . HW?
Ely  Elg

where,

G;= 56500kPa (Maximum shear modulus)

H= 2m (Height of the culvert)

W=1.88m (Width of the culvert)

E=7.1 x 10’kPa (Elastic modulus of the culvert)
lw=1.80 x 10”° m* (Moment of Inertia of Sidewall)

lg=1.15 x 10 m* (Moment of Inertia of Slab)

Solution of Equation 4.12 gives:
IFR=14.1

2) Free-field strain measured at the mid-depth of the culvert is 0.0036. The
maximum shear strain is 0.00192 in the proposed curves, but it is not unreasonable
to use those curves for a strain value of 0.0036. To be on the safe side, the equation
for an initial flexibility ratio of 9.9 was used for estimation of dynamic lateral pressure

coefficient (kq). Approximated equation was given as follows:
kq=0.0397In(ys)+0.4084 (4.13)

vs=0.0036 (free-field shear strain at mid-depth level of culvert)
kq=0.185
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3) The maximum dynamic pressure absolute value (Py) was calculated by
multiplying the vertical stress at the mid-depth of culvert by dynamic lateral pressure

coefficient (kq). P4 was given by:
Pq =y.h.kg (4.14)

y=15.81kN/m? (unit weight of the sand)
h=3m (culvert mid-depth)

ks=0.185

P,=15.81*3*0.185=8.78kPa

4) The shear stress acting on the interface was estimated by using the following

equation:

a
Ty = 0.65%%7%, (4.15)

y=15.81kN/m? (unit weight of sand)

h=2m

amax=0.9g (maximum ground acceleration near the surface)

rs=0.97 (estimated by the equation proposed by Cetin and Seed (2004))
Teq=17.94kPa

Maximum shear stress between the aluminum and sand is given by:
Tmax=0v.tand (4.16)

0,=15.81*2=31.62kPa (vertical stress culvert top sand interface)
6 = 20° (Porcino et al. 2003)
Tmax=11.51kPa

The maximum shear stress is smaller than the estimated shear stress. Thus, shear

stress acting on the culvert top was taken as 11.51kPa.
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5) Static stresses were simply calculated by using at rest horizontal earth pressure

coefficient.

Ky =1-sing' (4.17)

¢’=38° (friction angle of sand)
Ko=0.384

The lateral static earth pressure at the upper corner of the culvert is 12.15kPa and at

lower corner of culvert is 24.31kPa.

6) Shear stresses, static and dynamic pressures acting on the culvert model are
illustrated in Figure 4.29. The frame was analyzed using structural analysis program
Sap2000. The maximum deformation at the top of culvert was estimated as 7.6mm.
1.9mm of the total racking deformation (7.6mm) is developed by total lateral
pressure and the rest (5.7mm) by shear stress acting on the top culvert interface.
Sidewall deformations predicted from simplified frame analysis is plotted against the

actual deformations measured in centrifuge tests as shown in Figure 4.30.
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Figure 4.29. Simplified frame and calculated stresses
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Figure 4.30. Sidewall deformation comparison of centrifuge test (Test 2) results with
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For Test 3 (0.25gq — 3.5hz)

1) This step is same with the step 1 of Test 2 (0.40g — 3.5Hz).

2) Free-field strain measured at the mid-depth of the culvert is 0.0021. To be on the
safe side, the equation given for a initial flexibility ratio of 9.9 was used for

estimation of dynamic lateral pressure coefficient (kq). Using equation 4.13:

vs=0.0021 (free-field shear strain at mid-depth level of culvert)
kq=0.164

3) Maximum dynamic pressure absolute value (Py) was calculated by multiplying the
vertical stress at the mid-depth of culvert by dynamic lateral pressure coefficient (kq).

Pqis given by Equation 4.13.
y=15.81kN/m?® (unit weight of the sand)
h=3m (culvert mid-depth)

kq=0.164

P4s=15.81*3*0.164=7.78kPa

4) The shear stress acting on the interface was estimated by using Equation 4.11.

y=15.81kN/m?® (unit weight of sand)

h=2m

amax=0.6g (maximum ground acceleration near the surface)

rs=0.97 (estimated by Equation 3.24 proposed by Cetin and Seed (2004))
Teq=11.96kPa

Tmax=11.51kPa (Calculated by equation 4.15)

Maximum shear stress is smaller than the estimated shear stress. Thus, shear

stress acting on the culvert top was taken as 11.51kPa.
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5) Same with the step 5 of Test 2 (0.40g — 3.5Hz).

6) Shear stresses, static and dynamic pressures acting on the culvert model are
illustrated in Figure 4.31. The maximum deformation at the upper corner of culvert
was estimated as 7.4mm. 1.7mm of the total racking deformation (7.4mm) was
developed by total lateral pressure and the rest (5.7mm) by shear stress acting on
the upper face of culvert. Sidewall deformations predicted from simplified frame
analysis is plotted against the actual deformations measured in centrifuge tests as

shown in Figure 4.32.
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Figure 4.31. Simplified frame and calculated stresses
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Figure 4.32. Sidewall deformation comparison of centrifuge test (Test 3) results with
predictions of proposed simplified approach
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As can be seen from Figure 4.30 and Figure 4.32, proposed simplified approach
gives higher deformations as compared to actual deformations measured in Test 2
and Test 3. From lower to middle part of culvert, the deformation form is close to
actual deformation shape while after that part it deviates and overestimates the
racking deformation by a factor of 2 at the top of culvert. This overestimation may
arise from the predicted shear stresses acting on upper soil-culvert interface. For
both tests, shear stress values were estimated as the frictional stress which
corresponds to maximum shear stress value. However, mobilized shear stresses
during the dynamic excitation may be lower than this value. Therefore, more
research is needed to investigate the shear stress mobilization at soil-culvert

interface during dynamic excitations.

4.3.5 Comparison of Centrifuge Test Results with Closed-Form

Solutions

Closed-form solutions proposed by Penzien (2000) and Huo et al. (2006) were
compared with the proposed simplified approach and actual measurements of
centrifuge tests in terms of racking deformations. In closed-form solutions, degraded
shear modulus at mid-depth of culvert was needed so as to calculate racking
distortions. Figure 4.33 shows the normalized modulus reduction curve proposed for
clean sands by Darendeli (2001). The curve is valid for a mean effective stress (¢'y,)
of 28kPa which corresponds to mean effective stress at mid-depth of culvert. Using
the shear strain obtained from centrifuge test, degraded shear modulus, G, was

estimated by Darendeli’s curve.

-In Test 2 (0.40g-3.5Hz), for a shear strain value of 3.6x10° corresponding G is
obtained as 6255 and F (flexibility ratio) as 1.15.

-In Test 3 (0.25g-3.5Hz), for a shear strain value of 2.2x10™ corresponding Gs is
obtained as 9153 and F as 1.71.
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Using these values, racking deformations of the culvert were calculated by Penzien
(2000) and Huo et al. (2006) closed-form solutions. Comparison of centrifuge test
results with closed from solutions and proposed simplified approach are given in
Figure 4.34 and Figure 4.35 respectively. In this comparison, it is considered that
the centrifuge represents the actual field conditions more realistically and

accordingly it gives better results as compared to other approaches.
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Figure 4.33. Normalized shear modulus reduction curve for clean sand, ¢’,,=28kPa

As seen from Figure 4.34 proposed simplified approach and Penzien’s (2000)
solution give closer estimates for Test 2. Besides, both approaches yield
conservative results as compared to Huo’s et al. (2006) solution. In Test 3, simplified
approach gives higher deformation values than the analytical solutions. As
mentioned previously, the reason may be the overestimation of shear stress acting

on upper soil-culvert interface.
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Deformations estimated by Huo et al. (2006) are slightly smaller than that predicted
by Penzien’s (2000) solution. There may be two causes for that difference between
two closed-form solutions. First, as Huo (2005) stated, the deformation of
rectangular opening may not be well represented by a circular opening. Second,
thicker slabs may cause more conservative results in Penzien’s solution which gives
the racking deformations at extreme top and bottom while Huo’s et al. (2006)
solution predict the racking deformations by considering the inside dimensions of

culvert.

In brief, the proposed simplified procedure gives conservative results and maximum
deformation at the top a flexible culvert is overestimated by a factor of 2-2.5. Thus, it
can be used in reasonable accuracy as a practical approach for the preliminary
assessment of underground box-type culverts buried in dry sand under seismic

action.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The aim of this study is to investigate the dynamic response of underground culverts
by considering the soil-structure interaction. For this purpose, shaking table tests
and centrifuge tests were conducted on box-type models under harmonic motions.
Results of the experiments were analyzed in order to make an assessment on

dynamic lateral pressures acting on underground culverts.

To minimize the boundary effects, a laminar box was designed and manufactured
for the shaking table tests. Four culvert models having different aspect ratios were
buried at a certain depth in a laminar container and subjected to harmonic
excitations. Top and bottom thickness of the box models was kept thicker than the
sidewalls of the box. In order to have different relative stiffness values for the box
with respect to the surrounding soil, the effect of relative stiffness on the soil
dynamic pressures was examined without considering bending of the slabs.
Pressure transducers were mounted on the right and left side of culvert model to
measure the dynamic earth pressures. Acceleration transducers were buried in the
surrounding soil to evaluate the shear strain and acceleration response of soil.
Burial depth of the box was changed for two extreme cases, i.e., for the most flexible
and least flexible models. This arrangement made it possible to observe the effect of
embedment on the dynamic earth pressures. Based on the results of the shaking
table tests, a simplified procedure was proposed to estimate dynamic soil pressure

distribution acting on culvert sidewalls.

In centrifuge tests, dynamic response of a flexible culvert model was examined
under harmonic base excitations applied in horizontal direction. To simulate field
boundary conditions, an equivalent shear beam box was utilized throughout the
experiments. Due to the small dimensions of the centrifuge model pressure
transducers could not have been utilized, instead, strain gauges were installed.

Dynamic strains of the buried culverts were measured by means of these strain
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gauges and deformation scheme of the flexible culvert model was evaluated.

Racking deformations of the culvert measured in the centrifuge tests were compared

with the deformed shape obtained by the simplified approach suggested.

Major conclusions upon an evaluation of data obtained from the shake table and

centrifuge tests are summarized as given below:

1)

2)

3)

4)

Static pressure values recorded at the sidewalls of 1-g culvert models and
lateral pressure coefficient, K, calculated from these measurements were
compared with well-known at-rest pressure coefficient K, and active pressure
coefficient, K,. It was observed that K values decrease with increasing
relative stiffness. For most rigid culverts, K values approach to K, value
obtained by Jaky’'s equation. For relatively flexible culverts, although K

decreases, nevertheless, it is still larger than the K, value.

Amplification of the acceleration depends on the shear strain level which in
turn, is dependent upon the input motion acceleration amplitude and
frequency. At low strains almost no amplification was observed in the model
ground. At relatively higher strains and higher frequencies, amplification

values were between 1.2 and 1.4.

Dynamic pressure values recorded at upper left corner of culvert model
indicate an opposite phase with the lower left and upper right corner. In other
words, when a pair of cross corners of culvert is under dynamic compression
other pair is under dynamic tension. This behavior indicates that the culvert
model is compelled to make racking deformation by the cross-coupling

forces.

Static and dynamic soil pressures acting on sidewalls of culvert were
measured separately in the shaking table tests. Based on the
measurements, a dynamic pressure distribution along the sidewalls was
approximated. The magnitude of the dynamic pressure distribution was
normalized with the overburden pressure at the mid-depth of box-type culvert

and accordingly a dynamic lateral pressure coefficient (kq) was obtained. It
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5)

6)

7)

8)

9)

was observed that k4 value increases with decreasing flexibility ratio and vice

versa. Additionally, kqincreases logarithmically with increasing shear strain.

1-g shake table tests were conducted on the most flexible and rigid culverts
with two different embedment depths (h/H=2, h/H=3) in order to investigate
the variation of dynamic lateral pressure coefficient (ky) with depth. It was
observed that ky values are very close to each other for both embedment
depth.

Lateral deformations occured at the sidewalls of a flexible underground
culvert subjected to dynamic loading was determined by performing
centrifuge test. Results show that a clear racking deformation scheme was

actualized with the theoretical predictions.

Deformations of the flexible culvert model tested in the centrifuge were
compared with the predictions obtained by proposed simplified approach.
Results show that this approach conservatively estimate the deformations of
flexible culvert model. The possible reason for conservative result is the
overestimation of shear stress acting on the culvert's exterior surface.
Therefore, more research is needed to investigate the shear stress

mobilization at soil-culvert interface during dynamic excitations.

Centrifuge tests results were also compared with the analytical solutions
proposed by Penzien (2000) and Huo et al. (2006). Huo’s et al. (2006)
predictions are close to deformations measured in centrifuge tests while
Penzien’s approach gives higher deformations as compared to Huo’s et al.
(2006) solution.

As a consequence, comparisons of the proposed simplified procedure with
closed-form solutions adn centrifuge measurements show that simplified
approach can be used as a practical approach for the preliminary
assessment of underground culverts under seismic action. Additionaly, it
should be noted that the given approach is valid for box-type culverts buried

in dry sand.
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Limitations

1)

2)

Resonance frequencies of the ground model can not be captured due to the

limitations of motion generating system.

Mean stresses are low due to small scale of the box. Thus, friction angle is

higher and soil exhibits more dilative behavior.

Recommendations for further studies

1)

2)

3)

4)

The proposed simplified approach is given for the preliminary assessment of
box-type culverts buried in dry sand. It is necessary to perform further 1-g
shake table tests or centrifuge tests for exploring the effects of structural

dimensions and type of soil.

In this study, the range of shear strain levels at the mid-depth of culvert
varies between 0.001% and 0.2%. Further laboratory tests are needed to
investigate variation of dynamic pressure at higher strain levels. For this
purpose, tests can be conducted on saturated soils or soils having lower

relative densities.

Cyclic shear stresses acting on the top culvert-soil interface should be
investigated by further studies for a better estimation of mobilized shear
stresses acting on the top culvert-soil interface under dynamic loading. This
can be achieved by laboratory tests by measuring shear stresses at the

culvert-soil interface.

For the confirmation of proposed simplified approach, additional centrifuge

tests should be performed for different geometries and soil type.
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