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ABSTRACT

Several studies were undertaken by various invegstig during the last five decades to
better understand the engineering behaviour of turedad soils. These studies are
justified as more than 33% of soils worldwide aoeirfd in either arid or semi-arid
regions with evaporation losses exceeding wateltratfon. Due to this reason, the
natural ground water table in these regions ischify at a greater depth and the soil
above it is in a state of unsaturated conditiormin@ations of structures such as the
housing subdivisions, multi-storey buildings, bedg retaining walls, silos, and other
infrastructure constructed in these regions in gasalls are usually built within the
unsaturated zone (i.e., vadose zone). Limited ssudre reported in the literature to
understand the influence of capillary stresses, (neatric suction) on the bearing
capacity, settlement and liquefaction potentialuokaturated sands. The influence of
matric suction in the unsaturated zone of the sawilyg is ignored while estimating or
evaluating bearing capacity, settlement and liquiefa resistance in conventional
engineering practice. The focus of the researchemted in the thesis has been directed
towards better understanding of these aspects mavitpg rational and yet simple tools
for the design of shallow foundations (i.e., fog8h in sands under both static and
dynamic loading conditions.

Terzaghi (1943) or Meyerhof (1951) equations foarbey capacity and Schmertmann et
al. (1978) equation for settlement are routinelgduby practicing engineers for sandy
soils based on saturated soil properties. The gasumof saturated conditions leads to
conservative estimates for bearing capacity; howeweglecting the influence of
capillary stresses contributes to unreliable egsdsaof settlement or differential
settlement of footings in unsaturated sands. TheFeno studies reported in the literature
on how capillary stresses influence liquefacticgaiing capacity and settlement behavior
in earthquake prone regions under dynamic loadimpditions. An extensive
experimental program has been undertaken to stheget parameters using several
specially designed and constructed equipment dttingersity of Ottawa.

The influence of matric suction, confinement anthttbn on the bearing capacity of
model footings in unsaturated sand was determirgdguthe University of Ottawa
Bearing Capacity Equipment (UOBCE-2011). Severakseof plate load tests (PLTS)
were carried out on a sandy soil both under sadrahd unsaturated conditions. Based
on these studies, a semi-empirical equation has jpegposed for estimating the variation
of bearing capacity with respect to matric suctidrhe saturated shear strength
parameters and the soil water characteristic c(B8®WCC) are required for using the
proposed equation. This equation is consistent \li bearing capacity equation
originally proposed by Terzaghi (1943) and lateteaged by Meyerhof (1951) for
saturated soils. Chapter 2 provides the detaileasfe studies.

The cone penetration test (CPT) is conventionakgdu for estimating the bearing
capacity of foundations because it is simple andtkguwhile providing continuous

records with depth. In this research program, & quemetrometer was specially designed
to investigate the influence of matric suction dm tcone resistance in a controlled
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laboratory environment. Several series of CPTs wemeducted in sand under both
saturated and unsaturated conditions. Simple etivak were proposed from CPTs data
to relate the bearing capacity of shallow found#ito cone resistance in saturated and
unsaturated sands. The details of these studigsresented and summarized in Chapter
3.

Standard penetration tests (SPTs) and PLTs werducted in-situ sand deposit at Carp
region in Ottawa under both saturated and unsa&irednditions. The test results from
the SPTs and PLTs at Carp were used along withr atae from the literature for
developing correlations for estimating the bearicgpacity of both saturated and
unsaturated sands. The proposed SPT-CPT-basedgieehis simple and reliable for
estimation of the bearing capacity of footings amds. Chapter 4 summarizes the details
of these investigations.

Empirical relationships were proposed using the £Bata to estimate the modulus of
elasticity of sands for settlement estimation dattiiogs in both saturated and unsaturated
sands. This was achieved by modifying the Schmentned al. (1978) equation, which is
conventionally used for settlement estimations iacpce. Comparisons are provided
between the three CPT-based methods that are colyosed for settlement estimations
in practice and the proposed method for seven lacgée footings in sandy soils. The
results of the comparisons show that the propossttiod provides better estimations for
both saturated and unsaturated sands. Chapterraanaes the details of these studies.

A Flexible Laminar Shear Box (FLSB of 800-min size) was specially designed and
constructed to simulate and better understand #mawour of model surface footing
under seismic loads taking account of the influeocenatric suction in an unsaturated
sandy soil. The main purpose of using the FLSBoisimulate realistic in-situ seils
behaviour during earthquake ground shaking. TheBrt&3t setup with model footing
was placed on unidirectionaldlshake table (aluminum platform of 1000-#im size)
during testing. The resistance of unsaturated sani@formations and liquefaction under
seismic loads was investigated. The results ofsthdy show that matric suction offers
significant resistance to liquefaction and settletnef footings in sand. Details of the
equipment setup, test procedure and results ostady are presented in Chapter 6.

Simple techniques are provided in this thesis &tingating the bearing capacity and
settlement behaviour of sandy soils taking accatirthe influence of capillary stresses
(i.e., matric suction). These techniques are ctersiswith the methods used in

conventional geotechnical engineering practice. Sthdies show that even low values of
capillary stresses (i.e., 0 to 5 kPa) increased¢aeing capacity by two to four folds, and
the settlement of footings not only decreases fogmtly but also offers resistance to

liquefaction in sands. These studies are promiging encouraging to use ground
improvement techniques; such as capillary barremhiiques to maintain capillary

stresses within the zone of influence below shalfoundations. Such techniques, not
only contribute to the increase of bearing capaciigy reduce settlement and alleviate
problems associated with earthquake effects inysaaoibs.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

One third of the worldwide soils are in either and semi-arid regions with more
evaporation losses from soils in comparison to wiattration. Due to this reason, the
natural ground water table in these regions ischify at a greater depth and the soil
above it is in a state of unsaturated conditionurelations of structures such as the
housing subdivisions, multi-storey buildings, brdg retaining walls, silos, and other
infrastructure constructed in these regions in gasalls are usually built within the
unsaturated zone (i.e., vadose zone) in semi-agimns. The foundations (i.e., shallow
foundations) are designed to transfer the loadslysdfom the superstructure to the
supporting soil such that the settlements are witisceptable limits as per the design and
construction codes. These foundations are usuddiged close to the soil surface and
above the groundwater table; the loads from therstqucture are distributed within the

unsaturated soil zone.

The two key parameters required in the design afl@lh foundations are the bearing
capacity and settlement behaviour of soils. Prafi®?1) and Reissner (1924) were the
earliest investigators who studied the bearing ciépaf soils by loading a strip footing
until it penetrated into the soil. The bearing aya of shallow foundations is
conventionally estimated using the approaches railyi presented by Terzaghi (1943)
and Meyerhof (1951) assuming the state of the moiin saturated condition. The
settlement behaviour of shallow foundations isirly estimated using Schmetrmann et
al. (1978) method without taking into account ok tkoil state (i.e., saturated or

unsaturated). In other words, the conventional @ggres used in practice for estimating
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the bearing capacity and settlement of footinganeaturated soils ignore the influence

of matric suction.

Compacted soils, collapsible soils, residual sodsd expansive soils are typical
examples of unsaturated soils. The mechanical banaef a soil in a saturated state
condition is significantly different from an unsedted state. Several investigators
reported limitations in extending the principles e&turated soil mechanics for
unsaturated soils (Bishop 1959, Broms 1964, andllénd and Rahardjo 1993).
Terzaghi's effective stress concept; which is agglile for saturated soils, is not valid for
unsaturated soils as the influence of capillarysitem is not considered (Bishop 1959).
For this reason, applying the conventional thedrgal mechanics to unsaturated soils
may not be reliable leading to uneconomical shalfoundation design or estimating

unreliable bearing capacity or settlement values.

Considerable research focus has been directeddrmpiat the engineering behaviour of
unsaturated soils using two independent stress gtaitables; namely, net normal stress,
(on — ua) and matric suction,u¢ — uw) (for example, Bishop 1959, Bishop and Blight
1963, Fredlund and Morgenstern 1977, and Alonsal.et990, Vanapalli et al. 1996).
The matric suction is defined as the differencevieeh the pore-air pressutg,and pore-

water pressureyy (i.e., Ua — uw)).

Several studies were also undertaken during thiefiles decades to understand the
influence of matric suction on the bearing capaotyunsaturated soils (Broms 1964,
Steensen-Bach et al. 1987, Fredlund and Rahar@8, Ichnaid et al. 1995, Miller and
Muraleetharan 1998, Oloo et al. 1997, Costa e2@0D3, Yongfu 2004, Mohamed and
Vanapalli 2006, and Rojas et al. 2007). Howeveardtare limited studies reported in the
literature with respect to interpretation of thdéluence of matric suction both on the
bearing capacity and settlement behaviour in unsig#d soils, for both static and

dynamic loading conditions.
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1.2 Justification of Using Mechanics of Unsaturated S¢s in Practice

The bearing capacity and settlement are two kegrpaters required in the design of
shallow foundations (e.g., footings) particularty sandy type of soils. The shallow
foundations are usually designed to support strastior a long period of time without
stability and settlement failures (i.e., typicalty a period of several decades). In other
words, foundations should be designed such thak thee no functional or service
problems for the structure on which it is constedct To achieve this objective, a
conservative approach is used for estimating tleeitg capacity of shallow foundations
assuming the soil is in a state of saturated cmmditThe bearing capacity equation
proposed by Terzaghi (1943) or its modifications emnventionally used in engineering
practice. These equations use saturated sheagtstnearameters to estimate the bearing
capacity. However, shallow foundations are builameground surface and above
groundwater level where soils are typically in atestof unsaturated condition. The
bearing capacity estimation in terms of saturateeas strength parameters not only
provides a conservative estimate; also, negledtieginfluence matric suction leads to
erroneous estimates of the differential settlenbemavior of unsaturated sands. In many
scenarios, it is the settlement behavior whicthes governing criterion in the design of
foundations in sandy soils. In addition, therensited information about the liquefaction
resistance contribution in sandy soils due to raauction. Due to these reasons, it was
proposed in the present research to study theeinder of capillary stresses (matric
suction) on the bearing capacity, settlement bemaand liquefaction resistance of
unsaturated sands. These studies are valuablef antdrest to the practicing engineers as

well as the academicians.

Extensive experimental investigations were underiak the present thesis as a first step
in the laboratory to reliably determine the beargagpacity and settlement behavior of
unsaturated sands taking account of the influeficeatric suction (i— uwy). In addition,
liquefaction resistance in unsaturated is alsoistudThe experimental results were

interpreted using the mechanics of unsaturated.soil
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Based on the research undertaken in the thesemaenpirical equation for predicting

the bearing capacity using saturated shear strepgthmeters and the soil-water

characteristic cure (SWCC) is developed. Empiripabcedures for estimating the

settlement of shallow foundations in unsaturatel$ seere proposed. A Flexible Laminar

Shear Box (FLSB) is designed and constructed feestigating the behaviour of a model

shallow footing in unsaturated sandy soils focusinghe phenomenon of liquefaction.

1.3 Objectives of the Thesis

The main objectives of the undertaken researchrpnogre as follows:

(i)

(ii)

(iii)

(iv)

v)

(vi)

(vii)

To design an equipment that can be used for beaapgcity and settlement
behaviour investigations using model footings ithbsaturated and unsaturated
sands, taking account of the influence of matrictisn, dilation and overburden
stress;

To propose a general equation for interpreting ibaring capacity of shallow
foundations in sands that are in a state of unsidrcondition;

To propose a semi-empirical equation for estimating variation of bearing
capacity with respect to matric suction using treumated shear strength
parameters and the soil water characteristic c{8V¢CC);

To propose simple relationships between the CP1a alad the bearing capacity
of shallow foundations in saturated and unsaturagedis for use in geotechnical
engineering practice;

To modify Schmertmann et al. (1978) equation prompsimple relationships for
settlement estimations in both saturated and uretatiisands;

To conduct a series of SPTs and PLTs in the fieldboth saturated and
unsaturated sandy soil at Carp region in Ottawa iatefpret the results and
provide comparisons between the bearing capacidysattiement behavior using
the proposed relationships;

To design and construct a FLSB to investigate thleabiour of model footing

placed on saturated and unsaturated sandy soéddetjto seismic loading.
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1.4  Scope of the Thesis

In this research, the influence of matric suctiontlbe bearing capacity and settlement
behaviour of shallow foundations due to static foedinvestigated both in the laboratory
environment and in situ. Two model footing sizesl®0 mm x 100 mm and 150 mm x
150 mm were tested in two different bearing capaequipment’s (i.e., University of
Ottawa Bearing Capacity Equipment, UOBCE-2006, arudlified UOBCE-2011). The
equipment were specially designed and construabedcédnducting the experimental
program presented in this thesis. Based on theltsesa semi-empirical model is
proposed for predicting the variation of the begroapacity of unsaturated sands with

respect to matric suction.

Several series of cone penetration tests (CPTsg wenducted in sand under both
saturated and unsaturated conditions. Simple e@tiwak were proposed from the CPTs
data to relate the bearing capacity of shallow fations to cone resistance in saturated
and unsaturated sands. Moreover, the test results the standard penetration tests
(SPTs) and plate load tests (PLTs) at Carp regiodttawa were used along with other
data from the literature for developing correlatidar estimating the bearing capacity of
both saturated and unsaturated sands. The pro@3eEdCPT-based technique is simple
and reliable for estimation of the bearing capaeftfootings in sands.

In some scenarios, soils in saturated or unsatli@aditions can also be subjected to
dynamic loading (e.g., seismic or blast) (Rollimsl &eed 1990 and Charlie et al. 1980).
Liguefaction associated with seismic loading remarserious concern in sandy soils and
has to be taken into account while designing shaflaundations in seismically active
areas. Liquefaction occurs due to loss of effecstresses in soils; this phenomenon
contributes to structures collapse leading to huraad financial losses in many
scenarios. There are several earthquakes recordédstory where sandy soils were
subjected both liquefaction and intolerable defdroma for example, Niigata EQ in
1964, Loma Prieta 1989, and Duzce EQ (Schiff 1998 BEseller-Bayat 2009). Limited

studies are reported in the literature for sandlg sowards understanding the influence
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of matric suction on the liquefaction, bearing atfyaand settlement and its impact on

the shallow foundation design procedures and guiel!

In this research program, a Flexible Laminar Stazac (FLSB of 800-mnin size) was

specially designed and constructed. The main perpbdghis equipment is to simulate
and better understand the realistic behaviour adehfiboting under seismic loads taking
account of the influence of matric suction in uosated sand in a controlled laboratory
environment. A model footing of 150 mm x 150 mm wasted in saturated and
unsaturated sand simulating seismic loading thraugimusoidal wave in the FLSB on a
1-g shake table of 1000 mm (width) x 2000 mm (lengktiyen by an MTS actuator. The
experimental results from this research programvdhat the matric suction of the tested
sand (i.e., particularly in the range of 2 to ~ GakMas significant influence on the
behaviour of shallow foundations under both stahd dynamic (i.e., seismic) loading

conditions.
1.5 Novelty of the Research Study

There are several novel aspects related to thangserogram undertaken in this thesis.
Special equipment was designed and constructedetarmining the bearing capacity
and settlement behaviour of model footings undaticsioading taking account of the
influence of capillary stresses. An extensive expental work was carried out using
model footings in sand under both saturated andétureged conditions. Based on the
experimental results, a framework has been putdaivwo both interpret and predict the
bearing capacity of shallow foundations in unsdatdasandy soil was proposed. The
semi-empirical model that is proposed requiresitiiermation of the saturated shear
strength parameters (i.&’, and ¢) and the soil-water characteristic curve (SWCQ) fo

predicting the variation of bearing capacity wigspect to suction.

A cone penetrometer was designed and several s&ffi€PTs were carried out in a

controlled laboratory environment in saturated andaturated sand. In addition to these
tests, SPTs and PLTs were also conducted in-sitd daposit at Carp region in Ottawa
under both saturated and unsaturated conditiorestddt results from the SPTs and PLTs
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at Carp were used along with other data from ttezdiure for developing simple and
easy to use correlations for estimating the in-diearing capacity and settlement

behavior of both saturated and unsaturated sands.

A Flexible Laminar Shear Box (FLSB) was specialsidined and constructed for the
undertaken research in this thesis at the UniwyeddiOttawa Machine Shop. The FLSB
was used to simulate the realistic behaviour of ehoidotings in saturated and
unsaturated sand under seismic loading conditi®ash equipment is first of its kind in
the literature to the best of the knowledge ofahthor.

1.6 Layout of the Thesis

The thesis is summarized in seven chapters, whidiides this Chapter, “Introduction”,
and Chapter 7 “Summary and Conclusions”. Four efdhapters (i.e., Chapter’s 2, 3, 4
and 5) were developed extending papers that wdsksped in conferences and journals.
Chapter 6 is presented in a conventional formateparate chapter on the “Literature
Review” is not presented in the thesis separatelgraindependent chapter because each
of the chapter’'s has a separate section that pgevidckground information regarding
the topic. A flow-chart illustrates the researcli@maken in the thesis is shown in Figure
1.1.
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THESIS

TESTING PROGRAM (static load tests)

TESTING PROGRAM (dynamic load tests)

Laboratory Investigations

Field Investigations

Design of Flexible Laminar Shear Box

SPTs

PLTs

Instrumentation and Input Parameter$

Design of Design of
Bearing Cone
Capacity Penetromet:
| |
Plate Load Cone
Tests Penetration
(PLTs) Tests (CPTs)

Design of Model Footing

SHAKE TABLE

Correlations between
B.C. and SPTs, CPTs,

and PLTs Series of tests using sinusoidal wave 10

simulate seismic (EQ) loading

Correlations between settlement and CPTs result

v)

Semi-empirical equation for B.C. estimatio

Interpretation and providing comparisolﬁ
with the SWCC

» Correlations between B.C. and CPTs resuF—' Comparisons of results and validation of proposedetations

Figure 1. 1 Research Program Summary in the forfamf-Chart
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Second Chapter summarizes design and construdtitwe & niversity of Ottawa Bearing
Capacity Equipment (UOBCE-2011). Results of sevplate load tests in saturated and
unsaturated sand are presented and discussed. Basledse studies, a general equation
is proposed for interpreting bearing capacity ofrse-grained unsaturated soils. In
addition, a semi-empirical equation is proposedpfedicting the variation of the bearing
capacity of unsaturated sands with respect to@uclihis chapter is developed based on
the studies presented at the"1Ban-American Conference on Soil Mechanics and
Geotechnical Engineering and thé"68anadian Geotechnical Conference held in 2011
in Toronto, Canada. This paper was awarded the-B@3% Graduate Student Award by
the Canadian Geotechnical Society (Mohamed, Vahagadl Saatcioglu 2011). More
analysis and details were added to this paper ablisped in the International Journal of
GEOMATE (Vanapalli and Mohamed 2013).

In the Third Chapter, an extensive experimentaéstigation of the bearing capacity of
unsaturated sand using cone penetration tests |GRas carried out. This chapter is
developed by extending two papers summarized fiois) research program; the first
paper was published in the proceedings of tH¥ 62nadian Geotechnical Conference,
2009 in Halifax, Canada (Mohamed and Vanapalli 200¢hd the second paper
(Mohamed, Vanapalli and Saatcioglu 2010) was phbtisin the proceedings of th& 5
International Conference on Unsaturated Soils irc&@ana, Spain, 6-8 September 2010,
published by the CRC Press/Balkema.

The Fourth Chapter provides details and comparidmetsveen estimated settlement
values from proposed simple relationships and nredssettlement values of several
footings constructed in saturated and unsaturatedss This chapter is developed from a
journal paper summarized based on the researchtakde for the present research. This
paper was published in the International JournalGelomechanics and Engineering

(Mohamed, Vanapalli and Saatcioglu 2013).

The Fifth Chapter presents a series of standarétpion tests (SPTs) and plate load
tests (PLTs) are conducted in-situ at Carp in CdtaWwhis chapter is developed by

extending a technical paper that was publishechénRroceedings of the 2012 World
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Congress on Advances in Civil, Environmental, andtévials Research (ACEM’12).
Edited by Chang-Koon Choi. 26-29 August 2012, Seldatea (Mohamed and Vanapalli
2012).

In the Sixth Chapter; design, construction, and ofs@ Flexible Laminar Shear Box
(FLSB) on a 1g shake table to study the behaviour of model faptin unsaturated sand

is presented.

The Seventh Chapter, includes the “Summary and IGsions” from the studies
undertaken in this research program and also pesvidcommendations for proposed
future studies with respect to implementing the maeics of unsaturated soils in

engineering practice.
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CHAPTER 2

IGENERAL EQUATION FOR ESTIMATING
THE BEARING CAPACITY FOR FOOTINGS
IN UNSATURATED SAND

2.1 Introduction

The two key properties required in the design dllsiv foundations are the bearing
capacity (i.e.,qu) and settlement (i.e9) behaviour of soils. Structures such as silos,
antenna towers, bridges, multistory buildings atigepbinfrastructures can be constructed
on shallow foundations in sandy soils (e.g., spremadings near the ground surface)
assuring a safe and economical design. The shdfiotings are typically designed to
transfer the loads safely from the superstructoreéhe supporting soil such that the
settlements are in acceptable limits as per thigiwesd construction codes. The bearing
capacity of shallow foundations is estimated usiregapproaches originally presented by
Terzaghi (1943) or Meyerhof (1951) assuming thd soiin a state of saturation
condition. The measured bearing capacity from fieddts typically higher than the
estimated or computed bearing capacity values usitadytical and empirical methods
(Terzaghi 1943, Meyerhof 1951 and Meyerhof 1956si¥el973). Typically, shallow
foundations of structures are placed above thengrawvater table and the variation of
stress with respect to depth associated with tlagslofrom the superstructure is
distributed in the vadose zone (i.e., unsaturatedlition) of sandy soils. Such a scenario

is typical in semi-arid and arid regions. Fredl(t896) commented that “the portion of

This chapter is developed by extending a technpzgler that was presented in themnlPan-American
Conference on Soil Mechanics and Geotechnical Emging & the 64 Canadian Geotechnical Conference,
October 2011 in Toronto, ON, Canada. This papereld@ed to a journal paper and published in the
International Journal of GEOMAT 2013.
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the soil profile above the groundwater table callezlvadose zone that can be subdivided
into two portions. The portion immediately above tvater table, called the capillary
fringe, remains saturated even though the porefvpaessures are negative. The portion
above the capillary fringe is unsaturated.” It da@ seen in Figure 2.1 that with

evaporation the pore-water pressure will be negatind with infiltration will be positive.

A framework for interpreting the bearing capacitydasettiement behaviour of sands
from experimental and modelling studies for unssted soils is recently evolving
(Vanapalli and Mohamed 2007, Vanapalli 2009, Oh afahapalli 2011a, Oh and
Vanapalli 2011b, and Mohamed et al. 2011). Comprsie data for interpreting the
bearing capacity of footings in unsaturated saradkéng) account of influence of the
capillary stresses, overburden stress (i.e., cenfent) and dilation is however not
available in the literature. Due to these reasansxperimental program as summarized
in Figure 2.2 is undertaken to study the bearingacedy of a sandy soil using model
footings in specially designed equipment. Terza@t®43) and Meyerhof (1951)
equations are modified in this research for prappsa semi-empirical equation for
bearing capacity of shallow foundations in unsaadasands. Comparisons are provided
between the estimated and measured values of thengecapacity of model footings in
saturated and unsaturated sand. The study shothéhna is a good comparison between
the measured and estimated values of the bearpagita using the proposed modified

equation.

Chapter 2-Equation for BC of Unsaturated Sand 8



T e

—
C'I_Evapt:-ration Evapotranspiration E.m

—— 3

Fb bbb

e

/}‘;, : f[lmwnward
Ppraw X
Upward flux Tk
P Negatl “/H A _ Unsaturated
egative : Pore-air s0il
pore-water pressures ¥ | pressures

Total stress

[ Capillary fringe ,
— |

Saturated soil _"\ \

Positive 'T__,'\

—t

pore-water —
pressures

Figure 2. 1 Visualization of soil mechanics showihg role of surface flux boundary
conditions (Fredlund 1996)

2.2 Background

2.2.1 Bearing Capacity of Soils

Prandtl (1921) and Reissner (1924) were the pienwho considered a rigid loaded strip.
Terzaghi (1943), Meyerhof (1951), and De Beer ()9%&dies were directed towards
understanding the bearing capacity of shallow faiogs in saturated or dry conditions
using the conventional soil mechanics. However|l@hafoundations are found to be
built close to the ground surface where the saits unsaturated. Due to this reason,
estimation of the bearing capacity of shallow foatmwhs using conventional soil
mechanics for which may underestimate the beariagaaty values and lead to

conservative and costly foundation designs.
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Comprehensive data for interpreting the bearingcigy of footings in unsaturated sands
taking account of influence of the capillary stesssoverburden stress (i.e., confinement)
and dilation is however not available in the litara. Due to these reasons, an
experimental program as summarized in Figure 2.@ndertaken to study the bearing
capacity of a sandy soil using model footings iecsally designed equipment. Terzaghi
(1943) and Meyerhof (1951) equations are modifiedhis research for proposing a
semi-empirical equation for bearing capacity ofilslvafoundations in unsaturated sands.
Comparisons are provided between the estimatednasabured values of the bearing
capacity of model footings in saturated and unsd¢dr sand. The study shows that there
is a good comparison between the measured andagstinaalues of the bearing capacity

using the proposed modified equation.

Several researchers carried out investigationtutdyshe bearing capacity of unsaturated
soils (Broms 1963, Steensen-Bach et al. 1987, &neédand Rahardjo 1993, Schnaid et
al. 1995, Oloo 1997, Miller and Muraleetharan 19@8sta et al. 2003, Vanapalli and
Mohamed 2007, Rojas et al. 2007, Vanapalli and Z1,0). Mohamed and Vanapalli
(2006) designed special equipment (UOBCE-2006)amlucted studies to understand
the bearing capacity of surface model footing saady soil. These studies have shown
that the matric suction values in the range of 8 &°a contribute to 5 to 7 times bearing
capacity values in comparison to saturated comditianapalli and Mohamed (2007)
provided a framework to predict the variation odbeg capacity of a soil with respect to
matric suction using the saturated shear strengthnpetersq andg ) and the Soil-
Water Characteristic Curve (SWCC, which is a refship between the gravimetric

water content or volumetric water content and tlarim suction).
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CHAPTER 2

Designing and Construction UOBCE-2011 and Two Mdaeitings

Experimental Investigation

Conducting Surface and Embedded PLTs under Satlaate Unsaturated Conditions

Saturated Condition

(Ua - uv) = 0 kPa

Unsaturated Condition

(Ua - uy) = 2 kPa

Unsaturated Condition

(Ua - uw) = 4 kPa

Unsaturated Condition

(Ua - uy) = 8 kPa

i- Variations of stress versus settlement behaviaum fsurface PLTs for different with matric sucticalues

ii- Variations of stress versus settlement behaviaum fembedded PLTs for different with matric suctatues

Using Saturated Shear Strength Parameters and SWCC

Proposing a Semi-empirical Approach for Predictimg Bearing Capacity of Shallow Foundations

Validation of the Proposed Approach

Figure 2.2 Flow-chart to illustrate the researabgpam presented in this chapter
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2.2.2 Dilation of Sandy Soils

Research studies related to dilation of sandy seiteived great attention since 1960s
because of its influence on the mechanical behawbusoils. The term dilatancy is used
to describe the increase in volume of a densedioihg shearing (Craig 2004). The
conventional shear strength parameterad¢ ) can only describe the full range of soil
strength if both are allowed to change with densityl stress (Bolton 1968). Hence,
ignoring the influence of confinement and densigytigularly on the internal friction

angle can lead to errors in determining the beasapacity factord\c, Ng andN, needed

for estimating the bearing capacity of shallow fdatons.

i Dilatancy angle
i—r————| ~,
| \.—"’7 dv
| i | =
i i —r /
1 | |
- 1 f I /
£ 1] / dZ . /
{ / yr
I I [
o ] o/
|/
V., 1/
}‘1—/’ ]T-\.
4 i/
\/

Figure 2.3 Angle of dilatancy for plane shear (BolfL986)

The change in shear stress and shear strain dgshegging are shown in Eq. [2.1] and Eq.

[2.2] respectively.

(Change in shear strain) dy,, :d_z [2.1]
y
: . _ dy

(Change in normal strain) de, =-—— [2.2]
y
de

Hence: tany =——~2 _dy [2.3]
dy,, dz
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The angle of dilationW as shown in Figure 2.3 and Figure 2.4 is equakh®
instantaneous angle of motion of the sliding bloekative to the rupture surface (see Eq.
[2.3]). A great attention has been paid to theti@hahip between the internal friction
angle, ¢’ and the dilation angléy and Eg. [2.4] was proposed by Rowe (1962), and
Rowe (1969):

¢I:¢ICriticaI+ v [24]
where:
@ = effective angle of internal frictioh,

@Pcritical = effective angle of internal friction at criticstate,®

W = dilatancy angI€,
n |l Intarnal frictinn anala
. | hternalinclion angle
\\ _f-"'_'_h_"‘-\
N, i internai friction angie i
N N Dilatancy angle
[ T [P S —— "-\ - I 4 I
LJII-:I[::IIIL-:Il dlIHIB \___.-’ - _-4,/ \ '
| A |
\ S | v e——
e I . YT
- o) 1 —— 1 PV ) - A
£ =" Y | e AT £ > o
— 1 BT | == ) | Nl A Y| e
7 ] | L—7T% I S "
(N - A e L
'/ s
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Dilatancy angle

Figure 2.4 The saw blades model of dilatancy (dB@ton 1986)

Bolton (1986) found that Eq. [2.4] will overestireaty - @criical by about 20 % (Figure
2.6). Based on experimental results on sandy sibilsas suggested that Eq. [2.4] can
take the form as in Eqg. [2.5]:

¢ '= ¢ ICritical + 08LP [25]
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Effective internal friction angleg obtained from the conventional laboratory tests. (i
using triaxial shear or direct shear tests) neetheanodified taking into account the
difference between plane strain and axisymmetriditins in the conventional triaxial
compression tests ag from plane strain is typically higher than convenal triaxial

compression (Marachi et al. 1981; Alshibli et &103, and Wanatowski and Chu, 2007).

Several studies suggest that the overburden eféestiress and density influence the
dilatancy behaviour of sands (DeBeer 1965, Bolt®86]1 and Sfriso 2009). The dilatancy
angle, W is always less than the effective friction angie,based on the studies by
Vemeer (1984).

Experiments (using steel shots that do not breakndduring shearing) conducted by
Bishop (1972) have shown that an increase in cenfent leads to decrease in the
dilatancy angle¥. More recent studies show that the dilation ofdsdacreases with an
increase of the effective overburden stress (Cloamktg and Salgado 2010). Steensen-
Batch (1987) found that good comparisons betweeregtimated and measured bearing
capacity of model footing achieved when dilatanogla of 10% of the effective internal
friction angle was taken following the Danish CawfePractice (i.e., D.S. 415 1984). In
this research program, the bearing capacity valume interpreted taking into account

the influence of dilatancy angl®, from direct shear test results of the tested sand.

From direct shear test results conducted on theedesand, dilation angle§ was
estimated to be between 5 to(Be., approximately 15% of the effective interfradtion
angle) (see Figure 2.5). The Danish Code of Pmac{l@S 415-1984) recommends
dilatancy angle of sands as 10% of the effectiterial friction angleg. More recently,
Oh and Vanapalli (2011) have undertaken numericatleting studies to predict the
variation of bearing capacity with respect to ntaguction for the same sand used in the
present study. These modeling results also show gomparisons between the measured
and modeled bearing capacity values using a didgtangle, W which is equal to 10% of
effective internal friction angleg. Due to these reasons, in the present studyatadidy

angle of approximately 3.83which is equal to 10% of the effective internattion
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angle, ¢, has been used. Reasonably good comparisons Viserved between the

measured and predicted bearing capacity valuesi@ixig this assumption in the present

study.

Normal displacement, dv (mm)

0.7

0.6 A
05 4
044 i
034 A
0.2 4 o O
0.1 Ao . Net Normal Stress = 25 kN/m2 ........

—8— Net Normal Stress = 50 kN/m?
OO ................................. P Net Normal Stress = 75 kN/m2 ........
-0.1 ; ; i ;
0 2 4 6 8 10

Shear displacement, dh (mm)

Figure 2.5 Normal displacement versus shear diepiaat for the tested sand

2.3 Routine Laboratory Tests and Properties of the Testd Soll

The soil used in this research was classified aiegrto the Unified Soil Classification

System (USCS) as poorly graded sand (fine sandhaad % of silt. The average void

ratio and the dry unit weight of the soil were 0&3d 16.02 kN/rf) respectively. The

effective internal friction anglep’ measured from direct shear test was 35.3 ° (sbke Ta
2.1). The routine laboratory tests that were cotetlidollowing ASTM D-3080 are

presented in a form of flow-chart in Figure 2.6.
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ROUTINE LABORATORY TEST PROGRAM

A 4

Sieve Analysis Test

A

A 4

Specific Gravity Test

y

Proctor Test

SWCC from Tempe Cell

A 4

Min. and Max. Density Tests

\ 4

Direct Shear Tests

Figure 2.6 Routine laboratory tests conducted ertébkted soll
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Table 2. 1 Properties of the tested soil

Soil properties Value
Coefficient of uniformity,Cy 1.83
Coefficient of curvatureCc 1.23
Specific gravity Gs 2.65
Average dry unit weightys , KN/m3 16.02
Min. dry unit weight, s (min) , KN/m3 14.23
Max. dry unit weight 4 (max) , KN/m3 17.25
Average relative densit)r % 65.0
Optimum water conteng.w.g % 14.6
Void ratio, e (after compactioh 0.62 -0.64
Effective cohesiong’, kN/m? (drained conditioi 0.6
Effective friction angleg’ (°) (drained conditiol 35.3

2.4 Equipment and Methodology

Figure 2.7 shows the details of the modified Ursitgr of Ottawa Bearing Capacity

Equipment (modified UOBCE-2011). Schematic of atiseal view of the equipment is
shown in Figure 2.8. The modified UOBCE-2011 iscsaidy designed to determine the

variation of bearing capacity and settlement ofdsamith respect to matric suction using

model footings which are interpreted similar totpldoad tests (i.e., PLTS). In the

remainder of the thesis, model footing tests afermed to as model PLTs for brevity.

The equipment setup consists of a rigid-steel framagle of rectangular hollow section
with thickness of 6 mm and a box of 1500 mm (lehgtl1200 mm (width) x 1060 mm
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(depth). The test box can hold up to 3 tons of @ad the capacity of the loading machine
(i.e., Model 244 MTS Hydraulic actuator with strolemgth of 250 mm) is 28.5 kN. The
ratio between the width of the test box and thethvaf the model footing was 1200/150
= 8.0 which is similar to ratios of test boxes ngpd in literature (see Table 2.2). The
model PLTs were performed using different strategaf 1.2 mm/min and 2.5 mm/min.
The results suggest that the load carrying capadityhe sand is not influenced by the

two different strain rates used in the presentystud

The equipment used in the present study (UOBCE-26idwn in Figure 2.7) in terms of
test box size and its loading capacity is twiceamparison to the UOBCE-20@8ed by
Mohamed and Vanapalli (2006). The equipment in fresent study has special
provisions to achieve different degrees of satamats below the model footings similar
to the original UOBCE-2006. The variation of matsiection with respect to depth in the
unsaturated zone of the test box was measured gsimgnercial Tensiometers. More
details about the instrumentation and preparatiortte testing are provided later in the

chapter.
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Figure 2.7 Photo: Modified University of Ottawa Bieg Capacity Equipment
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2nd Piezometer
Water supply e

. . Footing .
Tensiometer _

" .Compacted sand

Piezometer Drainage

Figure 2.8 Schematic shows a top view of the test b
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Table 2.2 Ratios between the widths of rigid testds and model footing sizes from previous studies

Test box size (mm)

Model Footing size (mm)

RatioW/(B or D) Reference
(WxHxD)?! (B x L) orD
1270x1270x1780 102 12.4 Vesic (1973)
5400%x6900x6000 910 5.93 Adams and Collin (1997)
1000x1000x%1250 160 6.25 Hanna and Abdel-Rahmar8§199
2440x2440x1220 (test pit) 152x152, 305x305 and 457%x 16.05, 8 and 5.33 Cerato and Lutenegger (2006)
762x762x305 102x102 and 1D2 7.47 Cerato and Lutenegger (2006)
200 Oi) %120 (Depth) 22%22 9.10 Steensen-Bach et al. 1198
900x900%600 150 6.00 Dash et al. (2003)
1200x3000%1400 (test pit) 310 3.87 Rojas et al0720
600x600%400 100x100 6.00 Bera et al. (2007)
900%x900x600 150x150 6.00 Latha and Somwanshi (2009)

W x H x D = Width x Height x Depth, andi = Diameter
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2.5 Laboratory Plate Load Tests

Several tests were conducted to determine thergpadpacity of the sand with different
values of matric suction using surface PLTs (neodel footing depthD:s = 0 mm), and
embedded PLTs (i.eDs = 150 mm). A minimum of three tests were conducied

average values are reported.

2.5.1 Surface Plate Load Test (PLTSs)

Several surface PLTs (i.e., model footing de@th= 0 mm), embedded PLTs (i.&;=
150 mm) were conducted to determine the bearingqaigpof the sand with different
values of matric suction. Model PLTs of 150 mm ) I1bm (i.e., surface footings) were
conducted using the UOBGCHE11. Applied stress versus settlement relatiorssiiop
surface model footing of 150 mm x 150 mm are sunmedrin chapter 5.

Figure 2.9 shows the model footing at the soilatefand the MTS controller as well as

the computer used to collect the measured resutisigh the DAQS.
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Figure 2.9 Model footing on the sand, control paaredl computer

Chapter 2-Equation for BC of Unsaturated Sands

23



2.5.2 Embedded Plate Load Test (PLTSs)

The model footings embedded in the modified UOBE® box are analyzed considering
the influence of average matric suction value ie gnoximity of the stress bulb zone
which is equal to 1B (i.e., B = footing width). The depth 1Bis the zone in which
stresses are predominant due to the loading ofrehallow footings wittDs /B < 1.0
(Polous and Davis 1974, Vanapalli and Mohamed 2@dd, Oh and Vanapalli 2011).
Figure 2.10 provides details used in the estimatibthe average matric suctiofua -

uw)avr value in the vicinity of the footing base as in. [E)6].

(ua B uw)l + (ua B uw)zj [2.6]

u,—u =

( a W)AVR ( 2
In this series of tests, a model footing of 150 mh50 mm is placed at a depth of 150
mm below the sand surface to investigate the efié¢he overburden stress. The tests
were conducted with different matric suction valbetow the footing (i.e., 0 kPa, 2 kPa
and 6 kPa). Equilibrium conditions with respectntatric suction in the test box were

typically achieved in a period of 48 hours in thsttbox (see Figure 2.10).

Table 2.3 summarizes a typical set of results iiclvithe average matric suction in the
vicinity of the footing base is 6 kPa (see Figurg02. The measured water contemtc.

and the matric suctior(ua - Uy) values from the test box of the modified UOBCE are
similar to the corresponding water content and mmauction values in both measured
and predicted SWCC of the tested sand. These sgaudvide additional credence to the

measurements of suction using the Tensiometers.

The SWCC for the tested sand was measured usingpd &ell apparatus and the air-
entry value (AEV) for the sand was found to be lesw2.5 kPa and 3 kPa.
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Figure 2.10 Schematic to illustrate the test sanghthe procedure used for estimating
the AVR matric suction of 6 kPa in the stress lmdhe of the embedded model footing
in the modified UOBCE
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<4 Footing depth:= 150 mm
1200 Matric suction:= 6 kPa
IS
& 7 : Footing depth = 150 mm
& 1000 - Matric suction = 2 kPa
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N -
N—r
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- 800 - Footing depth = 0 mm
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S 400 - :
8_ 4 Footing depth = 150 mm
< - Matric suction = 0 kPa
200 A T
14J/ ———— Footing depth =:0 mm
: Matric suction =0 kPa
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0 10 20 30 40

Settlement, d (mm)

Figure 2.11 Relationship between the applied stressus settlement behaviour of
surface and embedded model footing tests of 15050 mm in the UOBCE and
modified UOBCE
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The measured bearing capacity of the compactedunasad sand for both surface and
embedded footings were in the range of 5 to 7 tilmghker than the saturated bearing

capacity values as shown in Figure 2.11.

Table 2.3 Typical data from the test box for AVEtr@asuction of 6 kPa in the stress
bulb zone

D* (mm)  y (kKN/m®) i (kKN/m®)  w.c.(%)  S(%) (Ua- Uw) (kPa)

12 18.16 16.20 12.10 53 8.0
150 19.00 16.24 17.00 75 7.0
355 19.20 16.13 19.00 82 5.0
500 19.50 16.12 21.00 91 2.0
700 19.74 16.03 23.11 98 1.0
800 19.75 15.95 23.81 100 0.0

" Depth of Tensiometer from the soil surface

2.6 A Semi-empirical Equation for Predicting the Bearing
Capacity of Unsaturated Soils (Surface Footings)

The bearing capacity equation for soils in termsaitirated shear strength parameters by
Terzaghi (1943) was suggested based on Prandtll)1f@#ure mechanism for a strip

footing as given below.

Gy =C'Nc+yD N, +05yBN, [2.7]
where:
Qu = ultimate bearing capacitgPa

C = effective cohesiorkPa

Nc, Ny, Ny= bearing capacity factors due to cohesion, surehangl unit weight
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y = soil unit weight kN/n?
B = footing width,m

The contribution of surchargl; can be neglected for estimating the bearing capa€it
shallow foundations placed directly on the soiface. In other words, Eq. [2.7] takes the

form:
d, =c¢'N. +05yBN, 3p.

Equation [2.8] can be written as given below byadticing Vesic (1973) shape factors:

0, =CN.{, +05yBN,J, [2.9]
where:

de = shape factor due to cohesion (proposed byc\€¥ 3)

& = shape factor due to unit weight (proposed/bgic 1973)

The shear strength contribution due to capillangsstes (i.e., matric suction) can be
added to the effective cohesion term to estimagebtfaring capacity of unsaturated soils

extending the philosophy presented by Oloo (1994).
q, =[¢'+(u, - u,), (tang—tang”) + (u, -u,, tang’IN ., + 05y BNy, [2.10]

where:

(ua — Wb = air-entry valuekPa

(ua— wy) = average matric suction in the depth of thesstimlbkPa
§0b
&, &y = shape factors due to cohesion and unit weight (Vasic 1973)

= internal friction angle with respectrhatric suction$

Eq. [2.10] can be used for interpreting the beadapgacity of unsaturated soils if all the
data is available. This equation can also be mexdlifor predicting the bearing capacity
of unsaturated soils extending the philosophy psedoby Vanapalli et al. (1996) for
predicting the shear strength of unsaturated soils.
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Vanapalli et al. (1996) proposed a semi-empirieaicfion for estimating the internal
friction angle with respect to matric suction, t@h using the SWCC and the saturated
shear strength parameters &g = S* tang/, whereS = degree of saturation value

from the SWCC. This form of the equation takesoact of the non-linear variation of
the shear strength of unsaturated soils. Extenthege concepts, Eq. [2.10] can be
modified to predict the bearing capacity of unsatted soils for square footings as given

below:

q, = [c'+ (u, -u,), (tang’ S" tang’) + (u, -u,) S tang'| N {; +05y BNy, [2.11]

where:
S = degree of saturation
e = fitting parameter in bearing capacigyation

(ua — Wb = air-entry valuekPa

(ua—uwy) = average matric suction in the depth of thesstbulbkPa

Nc = bearing capacity factor due to cohegmoposed by Terzaghi 1948)
Ny = bearing capacity due to unit weight (prambby Kumbhokjar 1993)
&, &y = shape factors due to cohesion and unit weight (vasic 1973)

Eq. [2.11] can be used for providing comparisontsvben the measured and predicted
bearing capacity values using a fitting parameges; . The parameterysc is defined
hereafter as a bearing capacity fitting parametarthis equation, the bearing capacity

contribution due to matric suction can be obtaifredn a part of Eq. [2.11], which is
equal to(u, —u,) S”* tang' beyond the air-entry valugua - Uw)o. Up to the air-entry
value, (Ua - uw), the contribution to bearing capacity will be eluéo
(u, —u,), (tang—-S¥>c tang). This technique is similar to the predicting thieear
strength contribution due to matric suction, whisH(u, —u,,)S" tang'] (Vanapalli et

al. 1996).
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The philosophy of using the fitting parametggc in the bearing capacity of unsaturated
soils is similar to using the fitting parameter,for predicting the shear strength of
unsaturated soils. The limitation of using Equat{@.10] for predicting the bearing
capacity of unsaturated soils is similar to using shear strength equation proposed by
Vanapalli et al. (1996) of unsaturated soils. lhestwords, Eq. [2.10] can only be used
for predicting the bearing capacity when the experital results are available. To
alleviate this limitation for the shear strengthuoaturated soils, Vanapalli and Fredlund
(2000) provided a relationship betwegrversus plasticity index, for predicting the
shear strength of unsaturated soils. Based on negent studies Garven and Vanapalli

(2006) provided a relationship as given below:
k=1+0.0975| , -0.00161 ,° [2.12]

This relationship can be used for the predictiothefshear strength of unsaturated soils.

Mohamed (2006), followed the same philosophy toppse a relationship between the
bearing capacity fitting parameteggsc versus plasticity indexlp such that the Eq.
[2.11] can be used for predicting the bearing cépaaf unsaturated soils using the
saturated shear strength parameterand ¢’ and the SWCC. The bearing capacity
fitting parameterysc along with the effective shear strength paramg@Erand ¢ ) and
the SWCC are required for predicting the variatodrbearing capacity with respect to
matric suction assuming drained loading conditioiifie bearing capacity fitting

parameter(/sc can be estimated from relationship provided in[Bdl.3] as given below:

Wee =1.0+0.34(, »- 0.0031I( [2.13]
where:

lp = plasticity index

Eq. [2.11] will take the form as given below foredricting the bearing capacity if a
square model footing is used:
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g, =[c'+(u, - u,) (tanp*= S tany ')

+(ua - UW)AVR Sﬂ tan¢'] I\LZC + 05/ B N Zy [214]

(ua - l"lw)l + (ua B uW)2
2

where: (U, —U,,) avr :[ j as defined in Figure 2.10.

(U, —u,), = air entry value, kPa

The following assumptions were required for theposed bearing capacity equation:
* The soil is isotropic and homogeneous in nature.

* The ultimate bearing capacity is the maximum loadgrea at failure for dense soils
where a well-defined failure load can be determifteth the stress-settlement curve
(i.e., GSF). Local shear failure conditions areuassd when it was difficult to define

failure load from the stress-settlement curve editegn Terzaghi (1943) approach.
* The proposed equation is valid for vertical sthdgds.

e The variation of measured matric suction (from ewkpental investigations) with
respect to depth shows a slightly non-linear retethip with depth for the tested
sand. However, this variation is close to lineaura(e,g., hydrostatic distribution).
Due to this reason, the average matric suctionegtimated assuming the variation

of matric suction with respect to suction to beeinin the proposed equation.
2.7 Bearing Capacity of Unsaturated Soils (Embedded Fdmgs)
Terzaghi (1943) suggested Eg. [2.7] to estimate ulienate bearing capacityqu of

saturated soils assuming general shear failureitonsl

A bearing capacity equation (i.e., Eg. [2.13]) wasggested by Vanapalli and
Mohammed (2007) to predict the variation of beargagacity for surface footings in

unsaturated sandy soil. The general form of thegopu that can be used to estimate the
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bearing capacity of unsaturated soils is shown dn [2.15]. This equation takes into

account the influence of overburden stress andesbffhe footing.

q, =[c+(u, - u,) (tan p*- S* tany
+(ua - uw) AVR gﬂBc tan¢ '] NCZC Fc

+yD, N, ¢, F,+0.5yBN, ¢, F [2.15]
where:
{q = shape factor

Fc, Fq, andF, = depth factors

Several investigators provided bearing capacityofacfor cohesionNc; surchargeNq
and unit weight, N, (Terzaghi 1943, Meyerhof (1951), Kumbhokjar (1993&nd
Kumbhokjar (1993)). The values for bearing capatatgtors ofN. andNg provided by
various investigators are approximately the sanoe.tRis reason, the bearing capacity
factors,Nc andNq originally proposed by Terzaghi (1943) were usethmanalysis. The
Ny values suggested by Kumbhokjar (1993) have beer mately used in recent years.
For this reason, the bearing capacity fachyryvalues proposed by Kumbhokjar (1993)

are used in this study.

2.8 Comparison between Measured and Predicted Bearing &pacity

Values

2.8.1 Measured and Predicted B.C. for the Surface Model &otings

The bearing capacity values of surface model fgstiof 150 mm x 150 mm were
measured using the UOBCE-2011 under both satueatddunsaturated conditions. The
bearing capacity under saturated and unsaturateditmns was interpreted taking into

account of influence on the dilatancy andie for sand.
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Table 2.4 Bearing capacity factors, shape factond, depth factors used for the analysis

of the surface model footing tested in the labasato

Effective friction angleg = 35.3°

Estimated dilatancy angl&) = 3.53 ©

Modified friction angle,gm= (¢ +W¥) = 39°

B.C. Factor$ Shape Factofs Depth Factors
Nc Ng Ny e ¢ Sy Fe Fq Fy
86 70 95 1.8 1.8 0.6 1.0 1.0 1.0

L from Terzaghi (1943Y. from Vesic (1973)?2 from Hansen (1970)

In Figure 2.12, comparison between measured ardiged bearing capacity values of
150 mm x 150 mm model footing. It can be seen thatbearing capacity linearly

increases with matric suction up to the air-en@jue (AEV ~ 3 kPa). Beyond this value
bearing capacity increases non-linearly up to tlgrimsuction at the residual zone of the
SWCC.
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Figure 2.12 Typical results of the estimated BGigshe proposed equations and the
measured BC from surface 150 mm x 150 mm PLTs segpect to matric suction

2.8.2 Measured and Predicted B.C. for the Embedded Moddtootings

The bearing capacity of 150 mm x 150 mm embeddedemimoting (tested in a sandy
soil in both saturated and unsaturated conditioma} measured using the modified
UOBCE (see Figures 2.7). The model footing of & x 150 mm was located at a
depth,Ds of 150 mm below the soil surface simulating an bueden stress which also
acts as a confinement all around the footing. Theae a good comparison between the
measured and estimated bearing capacity valuesnferpreting the embedded model
footing results without taking account of the imfhce of dilatancy angléy . Such a
behaviour can be attributed to the influence of ¢bafinement with a depth which is

equal to the widthB of the foundationd: = 150 mm; as illustrated earlier in Figure 2.9).

The obtained results using 150 mm x 150 mm modatirfg were consistent with the

studies of several investigators who have shownttteinfluence of dilation in the sand
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decreases with an increase in overburden effestiress or confinement (Bolton 1986,
Chakraborty and Salgado 2010, and Liao and Hsu)2003

Table 2.5 Bearing capacity factors, shape factond, depth factors used for the analysis

of the embedded model footing tested in the lalooyat

Effective friction angleg = 35.3°

Estimated dilatancy angl&) = 0 ° (Confined PLTSs)

B.C. Factor$ Shape Factofs Depth Factors
Nc Ng Ny e {q {y Fe Fq Fy
58 41 45 1.7 1.7 0.6 14 1.2

! from Terzaghi (1943)? from Vesic (1973);® from Hansen (1970)

2)

Measured and predicted B.C., g, (kN/m

Figure 2.13 Measured and predicted bearing capatigynbedded model footing of 150

1200

1000 -

800 A

600 -

Saturation ~| Transition A . Residual
zone: Zone zone

F 0.

150 mm X 150§ mm

400 - .........................................................
/A Measured B.C. for embedded PUT
200 A -0~ Predicted B.C. for embedded PLJ "]
0 T T T T T
0 2 4 6 8 10 12

Matric suction (u,- u,,) (kPa)

mm x 150 mm tested in the modified UOBCE
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Because of the limited depth of the test box ohkibe UOBCE-2006 anthe modified
UOBCE-2011 in the laboratory, the maximum averagdrim suction value (i.e(Ua -
uw)avr) Simulated in the tank was 6 kPa. The proposduhigoe was developed based on
test results using average matric suction vatuekPa. In Figure 2.13, it can be seen that
the bearing capacity linearly increases with matuction up to the air-entry value (AEV
~ 3 kPa, which represents the differential air pues minus water pressure that is
required to cause desaturation of the largest pohes increases non-linearly up to the
matric suction at the residual zone of the SWCG: fdduction of the bearing capacity
for matric suction values within the residual zaaa be attributed to the discontinuous
water phase surrounding the soil leading to ststt® and inter-particle contact changes.
Labedeff (1927) concluded that the increase of imatiction for a sandy soils below a
certain water content (residual water content) lbaseffect on the water content of the

soil.

2.9 Summary and Conclusions

The bearing capacity of a sandy soil under satdrated unsaturated conditions using
surface and embedded model footings tests wasestudithis research program. The
bearing capacity of unsaturated sands increasésmutric suction in a linear fashion up
to the air-entry value (saturation zone). Theraison-linear increase in the bearing

capacity in the transition zone (i.e., from airfgribo the residual suction value).

The bearing capacity values are underestimatesiuidace model footings (i.e., the depth
of the model footing is equal to zero) when caltiates are based on effective friction
angle, ¢’ = 35.3 © for the tested sand both in saturated ansaturated conditions.
Typical value of dilatancy angle for sands washie tange of 10 % of effective friction
angle, ¢’ (see Table 2.2). Reasonably good comparisons wbserneed between
measured bearing capacity and predicted valuethéosurface model footings using Eg.
[2.13] particularly when the influence of the ddaty angle¥ was taken into account.

There was no need to increase the effective fricdagle,¢’ by 10 % for embedded
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footings using Eq. [2.14] (see Table 2.3). In otherds, the overburden stress eliminates
the influence of dilation for the case of the endmtl model footing tests. These
observations are consistent with the conclusioasvdrin (Bolton 1986, Chakraborty and
Salgado 2010 and Vésand Clough 1968) with respect to dilation efféntsandy soils.

The observations of the bearing capacity resultghef tested unsaturated sand are
consistent with the shear strength behaviour oatumated sands (Vanapalli et al. 1996,
and Vanapalli and Lacasse 2009). Hence, the mddiferzaghi equation for estimating

the bearing capacity of sandy soils for both satarand unsaturated conditions can be

used by practicing engineers.
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CHAPTER 3

“THE BEARING CAPACITY OF
UNSATURATED SANDY SOIL FROM CONE
PENETRATION TESTS AND PLATE LOAD

TESTS

3.1 Introduction

A semi-empirical model was proposed earlier in ¢ha@ (i.e., Eq. 2.14) for predicting
the variation of bearing capacity with respect tet®n. The saturated shear strength
parameters and the soil-water characteristic c8®WCC) are required for using the
proposed model. This method is useful for estinmtioe bearing capacity of shallow
foundations, however, in practice the bearing capaé sandy soils is often determined
from the cone penetration test (CPT) results. TRE<are preferred because they are
simple and less expensive in comparison to the fogaring capacity tests such as the
plate load tests. Due to this reason, a simple e@wespecially manufactured and used in
a laboratory environment to investigate the infkeerof matric suction on the bearing
capacity of a sandy soil. CPTs were conductedspexially designed box (University of
Ottawa Bearing Capacity Equipment, UOBCE) to expentally investigate the
variation of bearing capacity of sand with resptcinatric suction. Figure 3.1 shows
flow-chart which illustrates the experimental praxgr presented in this chapter. The test

results of the CPTs are used to propose correkati@tween CPTs data and the bearing

This chapter is summarized from the research whikt fpresented at the %2Canadian Geotechnical
Conference, September 2009 in Halifax, NS, CanAttang with another technical paper that was pulglisin
the bnInternational Conference on Unsaturated Soils, 2@p0, Barcelona, Spain.
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capacity of shallow foundations in saturated oratmsted sands. There is a good
agreement between the estimated and measured deesapacity values using the

proposed model.

The results of this research study were encouragiwgrds extending the mechanics of

unsaturated soils into engineering practice udiegQPT results.
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CHAPTER 3

v

Part I: Laboratory Experimental Investigation

v

Modifying the UOBCE-2006, Design and Constructidm@one Penetrometer

A 4

Conducting CPTs in Different Saturated and Uns#&tdr&onditions

A 4

A 4

A 4

A 4

Saturated Condition

(Ua - uw) = 0 kPa

Unsaturated Condition

(Ua- uw) =1 kPa

Unsaturated Condition

(Ua- uw) =2 kPa

Unsaturated Condition

(Ua - uw) = 6 kPa

Variations between Cone Penetration and MatriciSu®esults

Part Il: Correlations

Proposing Correlations between Bearing Capaci§yhailow Foundations and CPTs & PLTs Results

y

Validation of the Proposed Correlations

Figure 3.1 Flow-chart to illustrate the researabigpam presented in this chapter
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3.2 Background

Mohamed and Vanapalli (2006) have undertaken agnekte experimental investigation
program to determine the bearing capacity of méafatings (i.e., plate load tests, PLTS)
in both saturated and unsaturated sand. Thesewestsconducted in specially designed
equipment which is referred as the University ofa@a Bearing Capacity Equipment
(UOBCE-2006) (chapter 2 provides details of theigapent).

The bearing capacity of soils can be determinedgutie PLTs. However, these tests are
elaborate, need extensive equipment and hencexgengve in comparison to cone
penetration tests (CPTs). The CPT-based methods careentionally used for
determination of the bearing capacity of soils (@anella et al. 1983, Hryciw and
Dowding 1987, Puppala et al. 1993, Salgado et371Huang et al. 1999 and Eslami
2006). The soil resistance is estimated from th&<CRelationships to calculate the
bearing capacity of both coarse and fine-grainats $¥u and Mitchell 1998, Lee and
Salgado 2005 and Russell and Khalili 2006). A seoieCPTs were carried out recently
by Lehane et al. (2004) in the field where the w@is quartz sand with fines less than 5
% in two different periods (i.e., wet season ang skason). The results of their study
suggest that the matric suction has a significafluence on the cone resistance in
unsaturated soils. Some CPT studies were carriedooutwo different sands under
unsaturated conditions by Russell and Khalili (2006 hey concluded that the matric
suction contribution approximately doubles the cqmenetration resistanceay. In
addition, results of CPTs conducted by Shaqour {206 calcareous sand under
saturated, wet (unsaturated conditions) and drgitions confirmed that the penetration
resistance was relatively high in wet condition®.(i unsaturated conditions). More
recently, Muszynski (2008) carried out CPTs in adgasoil with capillary tension (i.e.
matric suction) and observed greater cone penetraéisistance in comparison to CPTs
in saturated sand. While these studies provideeewie of the influence of matric suction
on the bearing capacity of unsaturated soils, énliterature no interpretation techniques

are available.
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In the present research study, a lab-manufactuoed gvhich was attached to a sleeve
(penetrometer) and used to determine the variatidhe cone resistancegs with respect

to matric suction{ua - Ux) during penetration. The obtained experimental tesalbng
with discussions (comparisons between cone resistdrom the CPTs and bearing
capacity from the PLTs) are provided. Based on ehstdies, simple correlations
between the CPTs data and the bearing capacitps#turated sands are developed. The
ease of determining the bearing capacity of unatdr soils from the CPTs is
highlighted.

3.3 Equipment and Methodology

3.3.1 Test Setup

The test setup which referred to as the Univexdit@ttawa Bearing Capacity Equipment
(i.e., UOBCE) was used to determine the variatibrb@aring capacity of sands with
respect to matric suction using model plate loatst¢PLTSs) in a controlled laboratory
environment. Several modifications were introdutedhe UOBCE for determining the
bearing capacity using the CPTs for the presemtystbigure 3.2). The setup consists of
a rigid-steel tank of 900 mm-length x 900 mm-wietif’50 mm-depth. The test box can
hold 1000 kg of soil and the capacity of the logdmachine is 15 kN. Different loading
rates can be applied by gears manipulation sudhttieacone connected to the loading
rod can be advanced at a constant rate of strairthe compacted soil in the UOBCE to
determine the cone resistange, The water table in the UOBCE can be controllethi
test box by adding or removing water from the sysigsing water-supply valve and
water-drainage valves. Tensiometers were locatedifigrent depths above the water
table to measure the matric suction. The loadirdy passes through a shaft and two
horizontal aluminum channel sections to guide tletical movement and prevent

bending or deformation of the rod (see Figure 3.2).
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The strain rate of the cone used for testing ingiresent research program was equal to
1.2 mm/min which is the same rate used for condgathodel PLTs in the UOBCE for
determining the bearing capacity of the same sullta assure a drained condition. More
details about the equipment design and construcifothe test setup are available in
Mohamed and Vanapalli (2006).

3.4 Design and Manufacture of the Cone Penetrometer

A simple cone with base diamet&; of 40 mm, cone tip angle, 60and cone point of
radius of 0.1 mm was specially designed for conidgcthe experimental investigations
reported in this chapter. The base projected #e@.e., cross-sectional area) of the cone
used in this study was 1275 rim
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/ Cone Péﬂ&ﬁﬂmeter

Figure 3.2 The University of Ottawa Bearing CapaEiguipment
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The cone was securely connected to a penetrontedara steel push rod with a screw
connection to form a continuous axis sleeve of 880 length and 40 mm diameter. The
cone diameter of 40 mm was chosen such that iesepts an average value between the
minimum and maximum standard cone diameters recomdatkeby the ASTM D 5778-
07 (i.e., 36 to 44 mm, see Figure 3.3). In addijtitbve diameter was chosen such that it
would be greater than 20D size of the soil to eliminate the scale effecttloa results
for testing in typical sandy soils (Phillips andIS&ngkar 1987 and Bolton et al. 1999 and
Muszynski 2008). The cone was manufactured of medeteel such that it is suitable to
resist wear due to abrasion by soil. Figures 3d43ah provide details of the experimental

setup used for the present research program.

d=357mm  d=35 35.7 mm d = 43.7 mm
| A p—
. Section -r
Area = i
- =
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i 4 0
w
= ; =
= : iz = shoulder -l—
i y porewater
¥ g = measured porewater pressure
conetp ressuie ‘
resistarce P G =Gc* (1-3n)uz
= total cone tip resistance
Electric Friction Type 1 Type 2 Type 2
Cone Penetrometer Piezocone Piezocone Fiezocona

Figure 3.3 Different cone penetrometer sizes (ASTM)
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Figure 3.4 The test box of the UOBCE
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Figure 3.5 Schematic illustrates the procedure frseestimating the average matric
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3.5 Material Description

The soil was classified as poorly graded fine-saB® as per the Unified Soill
Classification System (USCS). The properties of shad are summarized earlier in

chapter 2.

3.6 Test Program

3.6.1 General

The soil used in the present investigations (regabi this chapter) is the same sand used
in an earlier study by Mohamed and Vanapalli (2008 objective of the study was to
determine the bearing capacity of the sand botbainrated and unsaturated conditions
using model plate load tests in that study (seer€i@.2). In the present study, a number
of tests were conducted to determine the conetagsis,gc of the compacted sand in the
UOBCE under identical test conditions of saturaaed unsaturated conditions reported
in Mohamed and Vanapalli (2006). The first seriésests were carried out using sandy
soil under saturated condition (i.e., matric suttio0 kPa) and the later series of tests
were conducted under three different unsaturateditions (i.e., matric suction = 1 kPa,
2 kPa and 6 kPa).

The ultimate tip resistance typically mobilizedtla¢ cone tip by penetrating the cone in
to a depth of 10 times the cone diameter was meds{Meyerhof 1956 and Eslami
2006). Studies by Salgado (2008) have shown thailea tip mobilizes maximum
resistance when the base penetrates into the comdpaand layer by at least 2 x the
diameterDc. The cone was penetrated to approximately a d&fpd00 mm to satisfy the

above criteria.
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3.7 CPTs Results under Saturated Condition

The compacted sand in the UOBCE box was saturayerhibing the water table by

opening the water supply valve gradually. The cortgzh sand was saturated from the
bottom aggregate layer such that water advanctsinpwards direction. This technique
allowed the air in the compacted sand to be exgpéttam the top surface of the sand. All
the Tensiometers in the test box indicated zerdinga when the water level reached the
top surface confirming that the sand is saturaied, (ua — uy) = 0 kPa). A number of

CPTs were conducted after ensuring saturated donsgitand average values of the

results was used in the analyses.

3.8 CPTs Results under Unsaturated Conditions

The soil was saturated similar to the proceduréov@d in the previous section. The
water table was then lowered down to different Iewé depth (using the drainage valve
located at the bottom of the test box) to achieaeyimg capillary stresses (i.e., matric
suction) values above the water table. The seriethedo CPTs were conducted under
different matric suction values after ensuring égaum condition. The three different
series of CPTs were carried out under three saehafi unsaturated (sand) conditions
(i.e., 1 kPa, 2 kPa and 6 kPa).

The Tensiometers were used to measure the matimoss in the soil above the water
table. The principles, construction guidelines, rapag procedures and use of
commercial Tensiometers measurement are provided Skgnnard (1992). The
gravimetric water contents were also measured b\eatmg specimens using small
containers with perforations. The small contairneeye embedded in the unsaturated
zone close to ceramic tip of the Tensiometers. fei@u7 and Figure 3.8 show the cross-
section of the test box and provide details of thlacement and locations of

Tensiometers. Collected data are presented in Tab)elable 3.2 and Table 3.3.
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Figure 3.7 Schematic to illustrate the proceduetlsr determining AVR matric suction
below the PLTs (after Mohamed and Vanapalli 2006)

The same average matric suction values (see Eyj.wefe achieved in the region of
stress bulb (i.e.18. Figure 3.7 shows a schematic of the procedusd t@ determining
the average matric suction in the stress bulb ef BhTs and Figure 3.8 shows the

procedure for estimating the influence zone forG@RITs.

_|:(ua_ uw)1+(ua_ uw)2j| [3 l]

(Ua —Uy) avr = 5
where:
(ug _UW)AVR: Average matric suction in the influence zone (Bepire 3.7 and Figure

3.8)

(ua—uw) = Measured matric suction by Tensiometers, kPa
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Table 3. 1 Data from the test tank for an averagé&rimsuction value of 1 kPa in the

influence zone

D n e w.C. S AVR?! (Ua- Uw)
(mm) (kN/md) (%) (%) (kPa)

10 19.53 0.64 21.7 89.9 1.0
150 19.75 0.62 24 100.0 0.0
300 19.75 0.62 24 100.0 0.0

D* = depth of TensiometetAVR = average matric suction valug;= total unit weight,
kN/m3 ;e = void ratio;w.c. = gravimetric water content, 9%6,= degree of saturation, %;

(Ua- Uw) = matric suction, kPa

Table 3. 2 Data from the test tank for an averagérimsuction value of 2 kPa in the

influence zone

D n e W.C. S AVR?! (Ua- uw)
(mm) (kN/md) (%) (%) (kPa)

10 19.54 0.64 21.5 89 2.0
150 19.72 0.625 23 98 1.0
300 19.74 0.63 24 100 0.0

D* = depth of TensiometetAVR = average matric suction valug;= total unit weight,
kN/m3 ;e = void ratio;w.c. = gravimetric water content, 9%,= degree of saturation, %;

(Ua- Uw) = matric suction, kPa
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Table 3.3 Data from the test tank for an averagé&imauction value of 6 kPa in the

influence zone

D" W e W.C. S AVR?! (Ua- W)
(mm) (kN/md) (%) (%) (kPa)

10 18.17 0.63 14.00 58 6.0
150 18.76 0.64 18.33 76 4.0
300 19.20 0.62 19.48 83 2.0
500 19.30 0.64 22.38 93 1.0
600 19.74 0.63 23.76 100 0.0

1D = depth of TensiometetAVR = average metric suction valug;= total unit weight,
kN/m3 ;e = void ratio;w.c. = gravimetric water content, 9%,= degree of saturation, %;

(ua- uw) = matric suction, kPa

3.9 Cone Resistance and Sleeve Friction from CPTs Retl

The cone resistancejc can be determined using different methods propdsgd
researchers (Fleming and Thorburn 1983, and Eskmdi Fellenius 1997). In this
chapter, since the total applied loads (frictiod #p resistance) were evaluated, the cone
resistance for the tested soil was determined ubiedollowing equation (ASTM D 5778

- 07):

e :% [3.2]

where:
gdc = the cone resistance, MPa
Qc = load carried by the cone, kN

Ac = the cone base area, hm
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The sleeve frictionfs (due to sleeve soil interaction) can be directlyamged using an
electronic cone. However, the sleeve friction ie piiesent testing program was estimated
(following the ASTM D 5778-07 guidelines) using §§.3]:

Q
f :Ef [3.3]
where:

fc =the sleeve friction, kPa
Q+ = load carried by the sleeve in saturated comlitkN
As = surface area of the sleeve, fnm

The friction ratio, Rr which is defined as the sleeve frictiofs,divided by the cone
resistancegc was estimated (following the ASTM D 5778-07 guideB) using Eq. [3.4]:
Rf =5 x100 [3.4]

dc
The saturated coefficient of permeability of sasdelatively high and the penetration
rate used (1.2 mm/min) is relatively slow enoughdesuming the pore-water pressure
increase to be negligible (i.e., two piezometemduf®r observations did not show any
increase in the piezometer readings assuring diagoadition; due this reason, it is
assumedgc = ). The penetration rate used is lower than Ilwasdkal. (1988) who
performed CPT at 2 mm/sec to assure fully draineadition of Toyoura sand. These
results were encouraging and hence a pressuredtregrswas not considered when the
cone was designed. The 4th Edition of “Guide toe®ation Testing for Geotechnical
Engineering” by Robertson and Cabal (2010) als@ssis “thegc may be assumed = to
a: for sandy soils”.

The cone penetrometer and the equipment used by atitbors designed and
manufactured at the university machine shop withsitdin gauge load cells (sensors).
Due to this reason, it was not possible to meathegesleeve friction. The sleeve friction
was not measured in the present study as the esmstance for cohesionless soils such
as sands is negligible (Nes 2004). Vos (1982) aakkBr (2004) used an electronic cone
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penetrometer and determined the friction raf,values and summarized empirical

friction ratio values for various soil types as wiman Table 3.4.

Table 3.4 Soil type as function of friction ratioofm Vos 1982 and Bakker 2004)

Friction ratioRy (%) Friction ratioRy (%)
Soil type (from Vos 1982) (from Bakker 2004)
Coarse sand and gravel < 05 0.2 - 0.6
Fine sand 10 - 15 0.6 - 125
Silt or loam 15 - 3.0 1.2 - 4.0
Clay 30 - 7.0 3.0 - 50
Peat > 5.0 50 - 10.0

Furthermore, Vanapalli et al. (2010) extenged Method for the design of piles using
the mechanics of unsaturated soils and proposeatieqy3.5] taking account of matric
suction for determining the shaft capacity (slefiaion) of open-end pileld = 65 mm)

in sandy soil under moist (i.e., unsaturated) cimas.

QfUS:Qf +Q(ua—uw) [3.5]
L

Q. =5 2 (Al wle9lans}(a) 3.6]

where:

Qrus = total shaft capacity (sleeve frictionN k

Quauw) = shaft capacity (sleeve friction) due to unsaegatondition, kN

B = constant function of lateral earth pressure ratio
Vi = dry unit weight, kN/m

Lsh. = embedded length of the shaft, m

As = surface area of shaft or sleeve, mm

(Uua- W) = matric suction, kPa
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O] = normalized water content (equivalent to degresatdiration)

K = fitting parameter as function of plasticity ind€k for sandy soils) for shear
strength

@ = soil / pile interface friction anglé,

Qt =Qc¢ +Q1us [3.7]

where:

Q = total applied force (taken by sleeve aode), kN

The friction ratio,Rs can be determined by substituting the valuesesha friction fs and
the cone resistancgs in Eq. [3.4]. The friction ratio was equal to 0.%3at midpoint of
the assumed influence zone length (1Z = 150 mmerréd Appendix A for sample
calculation). The results of the friction rati&, are lower than the values summarized in
Table 3.4. These results suggest that the loadingricapacity contribution from the
sleeve friction is negligible. Such observations aonsistent with the behavior of pile
foundations in sandy soils in which the load cargycapacity is primarily carried at the
tip of the pile. The results of the cone resistageéor the tested soil under saturated and

unsaturated conditions are plotted with respetteadepth in Figure 3.9.

3.10 Discussion of CPTs Results

In cone penetration tests (CPTs), as the cone varmmegd into the soil it forms a
mechanism of rupture which is comparable to sipgkefailure behavior (Salgado 2008).
Similar pattern of failure mechanisms based orb#eering capacity theory was proposed
by many researchers (Terzaghi 1943, Vesic 1963,0@Bleer 1965) to approximately
visualize the failure load when conducting the CPAsnethod was proposed by Salgado
(2008) to determine the end bearing capacity ohgles pile which takes an average load
over an influence zone length equal to the summatigpile diameterD above the pile
base and 1.5 x the pile diametBrbelow the pile base. Assuming the behavior of the

cone similar to a single pile, a representativei@alf cone resistancg; was required for
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comparison of the estimated bearing capacity wadesy the proposed procedure with the

bearing capacity values from PLTs.

Cone resistance, q. (MPa)

CPT

—0— (uz - uy) =0kPa
—— (ug - uy) =1kPa
—— (ug - uy) =2kPa
—— (ug - uy) =6kPa

Penetration depth, d (mm)
N
o
o
1

400

Figure 3.9 Variation of cone resistance (CPTs) wipth under saturated and

unsaturated conditions
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Cone resistance, q¢ (MPa)

0 H 2 3
0 & 1 1 1
E
—~ 100 A +§
S S
S —
© 5 ; ; L
c‘ 200 - o TR PO Lo TR ..
"5_ : : : " : —_—
()
©
S f f : z ;
E 300 - (ua - UW) : 2 kP’a e ............. ............
@ i i i
S D : Cone diameter =40 mm :
o 400 4 1Z .fro;;‘n.Ca.se.;(j)....:. .1@0. mm ............. ............
IZ from Case : (ii) = 140 mm '
IZ from Case {iii)) =150 mm
500 : : :

Figure 3.10 Schematic illustrates CPT resultstioe¢ cases

(i.e., Case (i), Case (ii) and Case (iii))

Three influence zones were assumed below the QisErdted in Figure 3.10 and labeled
as: Case (i) represents an influence zone length0O6f mm, Case (ii) represents an
influence zone length of 140 mm and Case (iii) espnts an influence zone length of
150 mm (Figure 3.10). It can also be noticed thatdone resistance increased as the soil
condition changes from saturated (0 kPa) conditoonnsaturated (1 kPa, 2 kPa and 6
kPa) conditions in the capillary zone as shownigufe 3.9. These results are consistent
with the observations from CPTs carried out by RlUissd Khalili (2006). The increase
in the cone resistancgs can be attributed to the contribution of the ntastiction to the
bearing capacity of the tested soil similar to Biel's results (Mohamed and Vanapalli,
2006). Figure 3.11 presents the details of measheading capacity of the PLTs (100

mm x 100 mm) from Mohamed and Vanapalli (2006) #rel cone resistance obtained
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from this study. Both model PLTs and the cone tasie from the CPTs show similar

contributions of matric suction (i.e., capillaryggon) towards the bearing capacity.

2500 :
® B.C.from PLTs
— — B.C. from PLT best fit | : :
2000 4| W Case () U s
Case (i) best fit : :
& Case (i)
— — Case (ii) best fit : :
1500 o A Case (III) ............................. .............................
—— Case (jii) best fit : :

1000 - R S —

Bearing capacity, q,; and

500 I RN o A , ............................. , ............................. , .............................

cone resistance, e, m (kN/m2)

i Bearing Capacity under Saturated Conditon

0 ) I ! !

0 2 4 6 8

Matric suction, (ug - uy) kPa

Figure 3.11 Comparison between the bearing capfony PLTs tests and the cone

resistance from CPTs with respect to matric suction

3.11 Correlations between the CPTs and the Bearing Capég of
Sands

The field or in situ bearing capacity of soils daa determined from the plate load tests
(PLTs) or the cone penetration tests (CPTs). ThésPdre cumbersome and expensive
and hence are not commonly used in geotechnicaheegng practice. The CPTs are
conventionally used in practice because of thdiabaity, simplicity and associated low
costs. A number of studies are reported in thealitee for evaluating the bearing
capacity of saturated soils using CPTs-based ecapirequations (Meyerhof 1956,
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Eslaamizaad and Robertson 1996, Lee and Salgadg E8ami and Gholami 2006, and
the CFEM 2006). These methods however are notldeifar arid and semi-arid regions
where the natural ground water table is relativedgp and soils are typically in a state of

unsaturated condition (i.e., vadose zone).

The bearing capacity of unsaturated soils is sicgnitly influenced by matric suction.
Experimental studies show that even low matricisnctalues of 2 to 6 kPa can increase
the bearing capacity of sands by 4 to 6 times immarison to saturated conditions
(Mohamed and Vanapalli 2006). Steensen-Bach gt18B7) commented that ignoring
the influence of capillary stresses in the beadapacity of unsaturated soils would be
equivalent to disregarding the influence of reio@ment in the design of reinforced

concrete.

Simple relationships are proposed for estimatirgy likaring capacity of sands in both
saturated and unsaturated conditions deriving [aiimes between the PLTs and CPTs
using results from the present study and otheriesudublished in the literature. The
proposed approach is simple and consistent witltdn@entional techniques followed in
engineering practice towards the estimation ofttbaring capacity of sandy soils using
CPTs.

3.12 Review of Available Bearing Capacity - CPT Correlaions

Meyerhof (1956) proposed a correlation betweenctive penetration resistancg,and

bearing capacity of shallow foundationg for saturated sands as follows:

e

Df
122)B)+757) 8.

q, =

where:

qu = ultimate bearing capacitge = arithmetic average of cone resistance valuesien t
influence zone equal to B5B = footing width;Ds = footing embedded depth.
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Eslaamizaad and Robertson (1996) have proposddtenship to estimate the ultimate
bearing capacity of shallow foundations in sandsnfthe CPTs data. The correlation

betweem,andqc. was expressed as:

_ B 05093 Ny B
qu —O.184£(qc)(Df ) 1+F NG Df) [3.9]

where:

qut = ultimate bearing capacity at relative displacemef 10%;q. = average cone
resistance value over a depthByB andDs = width and depth of footing respectively;

= shape factor.

More recently, Lee and Salgado (2005) have propaesedher relationship to estimate
the ultimate bearing capacity from CPTs data asvahmelow.

G =B(%avr) [3.10]
where:

goL = limit unit bearing capacitygc avr= average of|c values from the footing base to a
depth from footing base equal to footing diamé&gandp = constant function of lateral

earth pressure rati& and relative density)r.

3.13 Relationships for estimating B.C. of Sands under kb Saturated

and Unsaturated Conditions from CPTs

Empirical methods to correlate CPTs and the bearapgacity of shallow foundations
valid for both saturated and unsaturated soilsvaheable for practicing engineers. As a
first step in this direction, Mohamed and Vanap#&8D09) carried out CPTs in a
laboratory environment to propose such correlatiprsviding comparison with the
model PLTs results. As discussed in section 3Hd®different influence zone depths are
considered in the analysis (i.e. referred to aeGasCase (ii) and Case (iii)) to provide

comparisons between the cone penetration resist@gcand the measured bearing
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capacity from the model PLTs (see Figure 3.12).iffeence of 20 % to 50 % between
the CPTs results and the PLTs results was obsewleeh the sand was under
unsaturated condition for the influence zone depthgresented in Case (i) and Case
(i) respectively. However, better comparisons wegyessible between the cone
resistanceg. and the bearing capacity values from the modeldPlSing the influence
zone depth, 1Z is 1Bor slightly greater (see Case (iii)).

Cone ™ ;
Penetrometer D Footing
(CPT) o I (PLT)
Soil Surface
A A 2N
% . :,Eﬂgm @ % Stress Bulb o
R HILAVARI ~
— 4 A (@]
© @
ﬂg — B
D = Cone diameter (40 mm)
B = Width of model footing (100 mm)

Figure 3.12 Schematic illustrates three differexstes (i.e., Case (i), Case (ii) and Case
(iii)) of influence zones (modified after MohameadaVanapalli 2009)

In the present study, a penetration depth (i.éuémice zone, 1Z) for averagirgg values

is chosen to be equal to B.&fter performing several trial studies on the gasail in
saturated and unsaturated conditions. This deptiesmonds to 150 mm in the present
study (i.e. 1.5 B = 150 mm; notd = 100 mm width, see Figure 3.12).

The average CPTs values over a depth 1Z = 150 mre wsed to develop correlations
with the measured bearing capacity values from mBdé&s including some field data
from the literature. The depth of penetration &@BLis consistent with the depth zone in
which the stresses are predominant (Poulos andsO®&#4, Chen 1999). The influence

zone (i.e., a depth of 1B5from the footing base) provides good correlatiorMeen
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average cone resistanag,avr and the bearing capacity of sand in both saturatet!
unsaturated conditions. This depth (i.e., 1Z) gisovides requisite confinement to the
shaft to which cone is connected. Similar influezome depth of 1B was used by
Meyerhof (1956) and Schmertmann et al. (1978) kateethe ultimate bearing capacity

of shallow footings to an average of cone penetnatésistance value.

Several investigators, for example, Meyerhof (19863 Eslaamizaad and Robertson
(1996) suggested forms of expressions with cologldactors range from 0.17 to 0.25
for estimating the bearing capacity of saturatetisausing CPTs. A correlation factor
value of 0.1 was recommended by the Canadian Féond&ngineering Manual
(CFEM-2006) for the evaluation of allowable beariogpacity of a soil using CPTs
results regardless of the condition of the soill.

Two different equations are proposed based on thiess Rnd CPTs conducted in this
research to estimate the bearing capacity of skhdibmndations of surface footings on

saturated and unsaturated homogenous sand reghgctiv

Eq. [3.11] is suggested using the database ofxtpergnental results of both PLTs and
CPTs presented in this chapter to estimate tharngeeapacity for saturated sands (i.e.,
(Ua- uw) = 0 kPa):

CICHNW [3.11]

qu (sat) - csat

where:
Qu sayy = bearing capacity for saturated homogenous séhds,/B® (i.e., correlation

factor), s1 = first fitting parameter for saturated conditien= second fitting parameter
for saturated conditioryc sat = average cone resistance under saturated sandicond
(e.g. within influence zone, 1Z equal to B.&om the footing base level) afi= footing

width in meter.

Eqg. [3.12] is suggested to estimate the bearingagpfor unsaturated sands (i.@ls -
uw) > 0 kPa):
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Q(q [3.12]

qu (unsa) - cunsat)

where:

Ou wnsany = bearing capacity for unsaturated homogenous ,sa@du/B% (i.e.,

correlation factor)u: = first fitting parameter for unsaturated condispu, = second
fitting parameter for unsaturated conditions,unsat = average cone resistance under
unsaturated sand conditions (e.g., within influezoae, 1Z equal to 1B from the

footing base level)B = footing width in meter.

The fitting parameters (i.es; & < for saturated condition anai & u> for unsaturated
conditions) were computed by iteration processhas RLTs and CPTs results were
known for the tested saturated and unsaturated §&able 3.5 and Table 3.6 for

saturated condition and unsaturated condition cEsEdy).

Table 3. 5 Database used for proposing the fiiagameterss: ands,

Analysis for saturated conditidnoa - uy) = 0 kPa

Data from PLTs of 100 mm x 100 mm, 150 mm x 150 amd CPTs (conducted in
the UOBCE)

eavr | Matric Qu u (KN/n¥)
B (MPa) | suction | (kN/n) st s | estimated| g,_ (estimated
(mm) from kPa from using | g, (measurel
CPTs PLTs oand g
1100 118 0 121 0.15 0.63 81 0.7
1150 270 0 125 0.15 0.63 133 1.0
!Surface square footil AVR = 0.85

Thus, © =0.15B°°2 for saturated sands provides good estimation ®fRITC. using
CPT data.
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Table 3. 6 Database used for proposing the fighagmeters), andu,

Analysis for unsaturated conditio(is - uy) > 0 kPa

Data from PLTs of 100 mm x 100 mm, PLTs of 150 mib® mm and CPTs
(conducted in the UOBCE)

Cc AVR Qu u (KN/n¥)
B (MPa) Matric (kN/n) Uz uz | estimated unnsat[estimatedi
(mm) from | suction| from using quunsat[measureh
CPTs| kPa PLTs
Qand g
1100 565 2 570 0.19 0.68 504 0.88
1100 805 6 840 0.19 0.68 769 0.90
1150 900 2 630 0.19 0.68 621 0.98
1150 1235 6 745 0.19 0.68 852 1.14
!Surface square footing AVR 0.97

Thus, 2 =0.198°%8 for saturated sands provides good estimation ®fRIC. using
CPT data.
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3.14 Validation of the Proposed Technique Using In-SituData from

Literature

Studies undertaken through this research prograw #hat a correlation facto® value
of 0.1 to 0.64 is required using Eq. [3.11] forimstting the bearing capacity of sands that
are in a state of saturated condition.

1600
e o Measured B.C. from PLTs (100 mm x 100 mm)

= 1400 - — — Measured B.C. from PLT (best fit)
'g Z A Estimated B.C. using Eq. (2.12) for unsat. condition
g \-; 1200 o Estimated B.C. using Eq. (2.12) for unsat. condition (best fit)
I: o X Estimated B.C. using Eq. (2.11) for sat. conditio
o ﬂ 1000 4 - Tr——— Tr———— T
E 0o : : :
© O : : :
= 800 - e e
G 5 | ' :
m = : : :
L) (_) BOO v L e oo
S o : :
n T : : :
8 Q 4004 A o e o

© : : :
= £ : : :

L(ﬂ 200 q A ............................. ............................. .............................

0+ i i ;
0 2 4 6 8

Matric suction, (ug - u,,) kPa

Figure 3.13 Typical results of the estimated BGigshe proposed equations and the

measured BC from 100 mm x 100 mm PLTs with respentatric suction

The factor,@ for reliable estimation of the bearing capacityuokaturated sands using
Eq. [3.11] lies between 0.1 and 0.9. The need &dngua larger range aP values in
comparison to@ demonstrates the contribution of matric suctiowaxs the bearing

capacity of unsaturated sands. The factGrgnd @ for saturated and unsaturated sands
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respectively are dependent on the footing widh|n both the cases, the correlation

factor increases as the footing widBhgecreases.

Figure 3.13, shows the measured results from CBiT&dth saturated and unsaturated
conditions over an influence zone (1Z) of B.8epth. In addition, the bearing capacity
values of sands calculated using Eq. [3.11] (AYRat (estimatedQu sat (measured)= 0.85 for
sands in saturated condition) and Eq. [3.13] (A¥Rnsat (estimated)Qu unsat(measuredy= 0.97
for sands in unsaturated conditions) using CPTsa da¢ also plotted along with the
model PLT results. There is good comparison betwbenestimated bearing capacity
values (from CPTs) and the measured bearing cgpeaaities (from PLTs) (see Figure
3.14). Table 3.7 provides comparison between thignated bearing capacity values
(e.g., using Eq. [3.11] for saturated sands and[E42] for unsaturated sands) and the
measured bearing capacity values from six model sP{fflom this study) and three
footing test results reported in literature by la®d Salgado (2005). The results (i.e.,
plotted in Figure 3.14) show reasonably a good @taepn between the estimated and
measured bearing capacity values for plate load (€4.Ts) and in-situ footing load tests
(FLTs).
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Table 3.7 Estimated BC using the proposed cormlatbased on the CPTs results and
the measured BC of PLTs from this study and in-Bltlis

Soil (Ua- Uw)  OcAWR B Measured BC  Estimated BC

type (kPa) (kPa) (m) (kPa) (kPa)

SP 0 118 0.10 121 81 (Eq.[3.11))
SP 2 565 0.10 570 504 (Eq.[3.12])
SP 6 805 0.10 840 769 (Eq.[3.12))
SP 0 270 0.15 125 133 (Eq. [3.11))
SP 2 900 0.15 630 621 (Eqg.[3.12))
SP 6 1235 0.15 745 852 (Eq.[3.12))
S* 33t 2800 1.00 500 532 (Eq.[3.12])
S* ~25t 3530 2.00 525 419 (Eq. [3.12])
S# ~20" 10000 3.00 950 900 (Eq.[3.12])
S* 10" 5400 1.00 1000 1026 (Eq. [3.12)])
S* 10 6000 1.50 800 865 (Eg.[3.12])
S* 10 6500 2.50 630 662 (Eqg.[3.12])
S* 10 7500 3.00 600 675 (Eq.[3.12))

TEstimated average suction (along an influence péiemB) values assuming hydrostatic
profile.#Sand from Lee and Salgado (20053and from Giddens and Briaud (1994).
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Figure 3.14 Comparison between estimated bearipgatiy using the proposed
equations and measured bearing capacity obtaineddxperimental laboratory PLTs

laboratory and in-situ FLTs

3.15 Summary and Conclusions

The results presented in the chapter demonstrapeifisantly low sleeve friction
contribution to the load carrying capacity but dedim increase of the cone resistance
when the CPTs were performed under unsaturateditcors] The increase of the cone
resistance can be attributed to the contributiomafric suction.

The comparison between the cone resistance vahtagied from the CPTs in this study
and the bearing capacity results from the PLTs wunsienilar conditions show

approximately same values when the tests (CPTsk wenducted under saturated
conditions. In contrast, there was a differenc@®®6 to 50 % between the CPTs results
and the PLTs results under unsaturated conditibhs.differences may be attributed to

the assumed influence zone length presented in (Jased Case (ii) respectively. In
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addition, the cone resistance is also affectedhleywieight of the soil (i.e., overburden
stress) above the cone which causes confinemenha@rthe tip and higher resistance
than that of the surface PLTs. However, the corsestance of CPTs and the bearing
capacity values of PLTs were approximately the séforeboth saturated and unsaturated
conditions) using the influence zone length presgnin Case (iii) (150 mm). This

validates the procedure used for averaging theegalof matric suction and cone
resistancegc over an influence zone length of 150 mm which igado the depth of the

stress bulb proposed for the PLTs. The trend oh e cone resistance values of the
CPTs and the bearing capacity of the PLTs demdes#&rdinear increase up to the air-

entry value (AEV = 3 kPa) and then a nonlinearease beyond that value.

Based on the results reported in this chapteppears that the influence zone length over
which the average cone resistance should be coedidglays a significant role in
deciding the appropriate and representative cosétamce value for the proposed

correlations.

In this chapter, simple relationships were propdsetiveen the average cone resistance,
gc and the bearing capacity, of sandy soil in saturated and unsaturated comditidhe
proposed relationships provide reasonable compeidmetween the estimated and
measured bearing capacity values for sands in sattivated and unsaturated conditions.
Further research work is however necessary to hdumted to check the validity of the
proposed relationships using different types ofisamoth in the laboratory and in field.
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CHAPTER 4

SBEARING CAPACITY OF SHALLOW
FOUNDATIONS IN SATURATED AND
UNSATURATED SAND FROM SPT-CPT
CORRELATIONS

4.1 Introduction

The bearing capacity is one of the key parametegsired in the design of shallow
foundations in sandy soils. The plate load testI §lp, standard penetration tests (SPTs)
and cone penetration tests (CPTs) are used in geotal engineering practice for the
determination or estimation of the bearing capagityands. The SPTs however are more
widely used to estimate the bearing capacity otisaifhere are several well-established
SPT-based design techniques available in the ftiterafor estimating the bearing
capacity and settlements of shallow foundationsands (for example, Meyerhof 1956,
Peck and Bazaraa 1967, Parry 1971, Burland andidyebl1985 and Bowles 1996).
Nevertheless, the influence of capillary stresses, (matric suction) above the ground
water table (GWT) is ignored in the estimation bé tbearing capacity of sands in
conventional engineering practice. Ignoring thetgbation of matric suction towards
the bearing capacity leads to conservative desifjnshallow footings in sands,
particularly in semi-arid and arid regions, whdre hatural GWT is typically at a greater
depth. Steensen-Batch et al. (1987) commentedighating the influence of capillary

3This chapter is developed by extending a technpzger that was presented at the 2012 International
Conference on Geomechanics and Engineering, 26u8igt 2012 in Seoul, South Korea.
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stresses in the bearing capacity of unsaturatedissanuld be equivalent to disregarding

the influence of reinforcement in the design ohfeiced concrete.

In the research presented in this chapter, inflflis and SPTs were conducted in sand
under both saturated (i.e., matric suctign,— uy) = 0 kPa) and unsaturated (i.@ua —

uw) > 0 kPa) conditions at Carp, Ottawa, to highlighe differences in the bearing
capacity results. Series of PLTs were conducteti@¢asure the bearing capacity of sand
in the field in both saturated and unsaturated gaed 0 kPa, 2 kPa and 8 kPa). The
bearing capacity of the sand at a matric suctioluevaf 8 kPa was found to be
approximately 3.5 times greater in comparison ® libaring capacity of the same soil
under saturated condition (i.e., 0 kPa). Nwervalues from the SPTs that conducted in
sand under unsaturated condition (with no rainniore than 3 continuous days from 21
to 23 May 2012, see Figure 4.1) was 3 times higihan theNspr values obtained from
the SPT conducted in saturated condition at theessite. Relationships are derived from
the field investigation studies along with othemdsés in the literature to estimate the
bearing capacity of sands under both saturated usrséturated conditions from the
conventional SPT results. The results of the studygest that the proposed relationships

can be used in the estimation of the bearing capaci

Precipitation Reports 2012
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Figure 4.1 The daily number of hourly observed gmigation reports during 2012, color
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green: light rain; Lightest green: drizzle (WeaByark.com)
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4.2 Background

The bearing capacity of shallow foundations hasivet the attention of several
investigators over the last century. Prandtl (19219 Reissner (1924) were one of the
earliest investigators who studied the bearing ciépaf soils by loading a strip rigid
footing. The applied stress at which stability dedl occurs was defined as the ultimate
bearing capacity of the soil. Several techniques empirical procedures that followed
Prandtl's research were valuable to provide a ceimsive understanding of the
bearing capacity of soils (Terzaghi 1943, Terzaghd Peck 1948, Meyerhof 1951,
Meyerhof 1956, Lawrence 1968, Vési973, and Bolton and Lau 1993). These studies
are widely used in the estimation of the bearingaciéty of saturated soils using the
saturated shear strength parameters, footing dioms)sshape, depth and inclination
factors and the GWT depth. The focus of bearingaciyp studies were mainly directed
towards understanding the behaviour of saturatédsl gsing PLTs, CPTs and SPTs. The
influence of capillary stress above the GWT (iregtric suction) on the in-situ bearing
capacity of soils has not received the attentiodegerve in the geotechnical literature.
Limited studies are reported in literature on ustierding the influence of bearing
capacity using PLTs or CPTs (Schnaid et al. 1995st& et al. 2003, Mohamed and
Vanapalli 2006, Rojas et al. 2007, Russell and #h2006 and Pournaghiazar et al.
2011).

In-situ bearing capacity of soils can be determinsthg field tests such as the PLTSs,
CPTs and the SPTs. These tests also have somationg and hence the results have to
be carefully interpreted. PLTs are difficult, tineensuming and expensive and their
results are influenced by many parameters sucheaplate size and its influence on the
stress bulb zone (Oh and Vanapalli 2013). A nundfestudies are also reported in the
literature for evaluating the bearing capacity oilss from the CPTs results using
empirical equations (for example, Meyerhof 1956 pb&tson et al. 1983, Eslaamizaad
and Robertson 1996, Lee and Salgado 2006, EslahGanlami 2006, CFEM 2006).

Chapter 4-In-Situ Testing & BC of Unsaturated Saodh SPT-CPT Correlations 85



SPT-based methods are more widely used to estithateariation of bearing capacity
with respect to depth (Meyerhof 1956, Burland andbiglge 1985, Bowles 1996, and
McGregor and Duncan 1998). Some investigators lggtdd the possible uncertainties
associated with th8lspt values obtained from the SPTs as they are opedajoendent
(for example, Seed et al. 1985). The reliabilityimterpreting the bearing capacity of
sandy soils from in-situ SPTs has significantlyreased over a period of time due to the
developments in the SPT equipment and the standasakin conducting them (Mitchell,
2000). In other words, the presently used the SR&gjuick and reliable in addition to
providing access to collecting the soil samplesglihe depth of investigation (Arman et
al. 1997). Correlations between soil properties 8Rd's results are also available in the
geotechnical literature (Carter and Bentley 19%85TM D6066-96 and ASTM D1586-
11 provide details of the SPT that can be folloi@dsandy soils. These procedures are
widely used in practice in many regions of the \@orAll the field tests (i.e., PLTs, CPTs
and SPTs) that are presently used in conventiongineering practice are used for
estimating the bearing capacity of saturated sdie contribution of matric suction in
the capillary zone is not considered. There is edn® conduct more field studies to
better understand the behaviour of foundationsimds both in saturated and unsaturated
conditions. Based on such studies, empirical @tatiips should be developed not only
to understand the influence of matric suction bisb &o contribute to the design of
shallow foundations reliably. These studies form fircus of the research summarized in
this chapter.

4.3 Details of the Site and Soil Properties

4.3.1 Description of the Test Site

The test site is located at Carp Region in Ottawaario, Canada as shown in the map in
Figure 4.2. The GWT level was found at - 2.8 m tetbe natural ground level. The site

was also surveyed and the level of the water tabtee lower level (where a small lake

was found) confirmed that the GWT was approximasely2.8 m.
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The site has a sloping terrain with two differemtdls which are referred to hereafter as
the upper level of the site (+ 0.0 m) and the lole®el (- 2.4 m) in the remainder of the
chapter (refer to Figure 4.3 and Figure 4.4). Bhdtom the site are shown in Figures

4.3 and 4.5.
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Figure 4.2 Location of the test site, Carp Regib®ttawa in Canada
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Figure 4. 3 Location of the SPTs, PLTs and Tenstemseon the test site
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Figure 4.4 Sectional view of the test site withailstof SPTs and PLTs locations
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Figure 4.5 Photos of the PLT setup and a Tensiametd at the site
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4.3.2 The Properties of the Tested Soil at Carp Region

Soil samples were collected using the split spanger of the SPT from different
depths where the SPTs conducted to determine tiheprsperties and the soil-water
characteristic curve, SWCC. Flow-chart in Figuré dhows the tests conducted using

the collected soil samples.

ROUTINE TEST PROGRAM

Y Y Y

Sieve Analysis Test Direct Shear Test Specific Gravity Test

\ 4 \ 4

Core Cutter Density Test Tempe Cell for SWCC

Figure 4.6 Flow-chart illustrates the routine tesiaducted on the soil

Grey sandy soil with some dark silt (i.e., knowndlly as septic sand) was available up
to a depth of - 4.7 m below the ground surfacentfithe upper level). Dark-grey silty
sand was located underneath the septic sand. Thatdtis site (i.e., Carp area) was
described at late to post-glacial sediments (sgar€i4.7 from Motazedian et al. 2010)
indicating that the soil is relatively new. Hentlee soil at the site can be described as a
normally consolidated soil.
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Figure 4. 7 Microzonation map with surficial geojogf Ottawa

(from Motazedian et al 2010)

The grain-size distribution of the soil at the sgeshown in Figure 4.8. Properties of the
tested soil are presented in Table 4.1. The saibeaclassified as poorly-graded sa8B,
according to the USCS. The average dry unit wedglat the specific gravity of the sand
were 17.75 kN/mand 2.65, respectively. The effective cohesionand the angle of
internal friction, ¢’ were determined using direct shear test (i.e., D&paratus (i.e,
consolidated drained condition) to be 0.4 kRland 36.5 ° respectively. Results from the
DST are shown in Figures 4.9 to 4.10. It has bebsewed from the vertical
displacement (i.e., normal displacement) versushtirezontal displacement (i.e., shear
displacement) curves (see Figure 4.11) which obthiinom the DST that there was a

slight increase in the normal direction of the soithe shear box (i.e., 60 mm x 60 mm)
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while the specimen was being sheared (snap shotkggure 4.11). This phenomenon

indicates that the sand specimen was dilating.

100
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Figure 4. 8 Grain size distribution of the testetfCsand
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Figure 4.9 Shear stress versus horizontal displanéfor the tested sand
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Table 4. 1 Properties of the tested soil at CagpisiOttawa

Property Soil at depth from Soil at depth from
0.0 mto-24m -24 mto-3.5m

Specific Gravity Gs 2.65 2.65

Deo (Mm) 0.33 0.33

D30 (mm) 0.266 0.260

D10 (Mm) 0.198 0.169

Coefficient of uniformity,Cy 1.67 1.96

Coefficient of curvatureCc 1.08 1.21

Dry unit weight,y (KN/m°) 17.51t0 18.0 17.5t0 18.0

Soil friction angle,g’ (°) 36.5 36.5

Effective cohesiong’ (KN/m?) 0.4 0.4

4.3.3 The Soil-Water Characteristic Curve (SWCC) of the ested sand at Carp

Region

The SWCC is known as the relationship between th&iesuction,(ua — w) and the
gravimetric water contenty. Tempe Cell apparatus was used for measuring WEGS

in the laboratory (see Figure 4.11). The measuW€6S using the Tempe Cell is plotted
in Figure 4.12. Two measured matric suction valwggained from using the
Tensiometers installed in-situ in the vicinity diet SPTs locations were also plotted on
the SWCC. The measured matric suction values flemTempe Cell apparatus and the

matric suction from in-situ are consistent.
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Figure 4.11 Equipment setup for measuring the SW€i@g the Tempe Cell
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Figure 4.12 Soil Water Characteristic Curve (SW@the tested sand in laboratory
along with measured data at the site

4.4 In-Situ Standard Penetration Tests (SPTSs)

4.4.1 Equipment Details

The SPTs were conducted at the test location ubdén saturated and unsaturated
conditions following the ASTM D1586-11. The SPT gmment used in this research
program is shown in Figure 4.13. A steel hammereight 623 N) was used to drive
the sampler vertically. The SPTs were conductedoug depth - 3.5 m from the natural
ground surface. The split-spoon sampler (with aide and outside diameter of 34.93
mm and 50.8 mm, respectively) with a spring corelear was used for collecting soil
samples. After the split-spoon sampler was withdratlie soil sample from within was
removed, stored in labelled zipped plastic bags ased for determining the water

content, grain-size distribution, and specific gnafrom laboratory tests.
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Drilling
rig

Sand

Figure 4.13 SPT falling model truck mounted equiptnesed in-situ

2.4.2 Summary of the SPT and matric suction measumngent results

The first SPT test which is referred to as SPT-@b wonducted at the lower level (for
the saturated condition) which is close to natG®@IT (at the water basin; see the lower
level in Figure 4.3). The sand in the vicinity wlehe tested were conducted was in a
state of saturated condition in the field. Threditonal SPTs which are referred to as
SPT-02, SPT-03, SPT-04 were conducted at the upperwhere the sand was in a state
of unsaturated condition. The SPTs were conductddangular-grid area separated by
approximately 12 m spacing in the upper level &f site (see Figure 4.3). A number of
soil samples were collected and kept in zippedtigldsmgs to determine the variation of
water content with respect to depth of the soiim8mf those samples were used for the

routine laboratory tests such as the sieve-analgsect shear test, and specific gravity.
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The SPT tests were performed using a Falling Mddeick mounted with a rotary
drilling rig. The length of each of the drill rodise., standard N rods) is 3.0 m with 1.5 m
length extension rods that were used as needed.bldve counts over 450 mm of
penetration were recorded in three intervals (50 mm per interval). The dNr-value
for each interval is noted as the summation of bfevs for the last two 150 mm
penetrations. Gibbens and Briaud (1994) measure@BT/W energy (i.e., the amount of
energy delivered to the drill rods which is funatiof the type of hammer system (donut,
safety, and automatic)) in a sandy soil (usingia @aPiezoresistive Accelerometers and
foil resistive strain gauges) and reported that lilwev counts were measured with an
energy efficiency averaging 53 %. Field testingdated that the energy delivered to the
rods during an SPT test can vary from 30 to 90 ¥heftheoretical maximum, depending
on the type of hammer system used as investigatefiggour and Radding (2001). It
was concluded by Aggour and Radding (2001) thasébety hammer which is similar to
the hammer used in the present study have an AMRggncoefficient of 70.2 % as

shown in Table 4.2.

Table 4.2 Transferred energy efficiency (Aggour &adiding 2001)

Hammer System Donut Safety Automatic

AVR efficiency 63.5 % 70.2 % 81.4 %

In the present study, the SPT/W energy was notnastid or measured in the field;
however, an energy efficiency of 60 % as recommeérimeDas (2007) was used in the
present study for the SPT blow count interpretation

The results of the SPTs (i.e., SPT-02, SPT-03 d@t-&) conducted in the upper level
of the site are summarized in Figure 4.14. The 8PBnd SPT-05 results (blow counts
of Nsprwith respect to the depth) conducted at the lowerae summarized in Figures
4.15 and Figure 4.16 respectively. The correctegrNalues for all the SPTs are

summarized in Tables 4.3, 4.4 and 4.5. There imenease in Nptvalues obtained from
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SPTs conducted in the unsaturated sand due toaimibmtion of matric suction as

shown in Figure 4.14.

Blow count, N

0.0 ¢
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404 —0— SPT-03for (ug - uy) =8kPa
' —x— SPT-04 for (ug - uy) =8 kPa

4.5

Figure 4.14 Blow counf\sptversus depth for the sand tested under unsaturated

conditions (8 kPa in the upper level) with approatendepth of GWT at Carp, Ottawa

Table 4.3 Recorded and corrected SPT-N values 8B conducted at {& uy) = 8 kPa

Depth (m) 0-0.45 0.45-0.90 0.90-1.35 1.35-1.8 1.8-2.25 22540 2.7-3.15

NspT 6 8 10 8 9 5 6
Corrected
5 6 5 6 3 4
NspT
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Penetration depth, d (m)

Blow count, N

Figure 4.15 Blow count\sprversus depth for the sand tested under unsaturated

condition (2 kPa in the lower level) with approximaepth of GWT at Carp, Ottawa

Table 4.4 Recorded and corrected SPT-N values 8B conducted at {& uy) = 2 kPa

Depth (m) 0-0.45 0.45-0.90 0.90-1.35 1.35-1.8 1.8-2.25 2.25/0 2.7-3.15
Nspt 6 8 10 8 9 5
Corrected
5 6 5 6 3
Nspt
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Figure 4.16 Variation of blow couriisprversus depth for the sand tested under saturated
condition (0 kPa in the lower level) with approximaepth of GWT at Carp, Ottawa

Table 4.5 Recorded and corrected SPT-N values 8B conducted at {& uy) = 0 kPa

Depth(m) 0-045 0.45-090 0.90-1.35 1.35-1.8 1.8-2.25 2.25/0 2.7-3.15

NspT 4 12 7 8 4 6 6
*Corrected
8 5 5 3 4 4
Nspt
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4.5 In-Situ Plate Load Tests (PLTS)

Three PLTs were conducted in this research progrsing a steel plate of 0.2 m x 0.2 m.
The first PLT (i.e., PLT-01) was conducted at tbevér level close to the GWT level
where the sand is in saturated condition as Teretimmecords zero matric suction. The
second PLT (i.e., PLT-02) was also conducted atdiver level but at an elevation of +
0.25 m from the level where the PLT-01 was condiictde Tensiometer at the PLT-02
recorded a matric suction of 2 kPa. The third PL&.,(PLT-03) was conducted at the
upper level where the remaining two Tensiometeptaced at 0.15 m and 1.2 m depths
and recorded 8 kPa confirming a uniform matric suncprofile within that region. All
the PLTs were conducted at a depth of 0.15 m. Taiensuction values were measured

at half-way of the depth of the stress bulb zoree,(L.B) using four Tensiometers.

Applied stress, g (kN/m?)

0O 250 500 750 1000 1250 1500 1750 2000
0 e e e S ————
9 - PLT
5 - N 3 0:2mx 0.2m
g i \ : : \'\
o 10 E A\
= - : : \\
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E 15 T P “ . A \ ......
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Figure 4.17 The relationship between the applisgsstand the settlement of 0.2 m x 0.2

m square plate of the tested sand at Carp, Ottawa
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The influence zone is the depth in which stressespeedominant for shallow square
footings (Poulos and Davis 1974, Chen 1999). THatiomship between the applied
stress and the settlement of the in-situ PLTs cotedlin this research program is shown
in Figure 4.17. These relationships demonstratetti@e is a significant increase in the
applied stress (i.e., bearing capacity) of the PHiie to the contribution of the matric

suction in the tested sand.

Terzaghi and Peck (1948) proposed a relationshipeftimating the settlement of a
footing from PLTs using a plate of dimensions 0.& ®.3 m as given below:
P [Bl(Bz + 0.3)}2

B1 "“B2 | B, (B, +03) 4.1]

where: &1 = the settlement of a footing with widih; &2 = the settlement of a footing
with width Bo.

Terzaghi and Peck (1948) suggested the permissatiement for large footing sizes of
2.0 m width as 25.4 mm. Several foundation codemfrarious regions of the world
recommend a permissible settlement value for sivdlbmndations in coarse grained soils
as 25 mm (CFEM-2006). However, lower values ofleetent values are also used by
investigators for estimating the allowable beargapacity for smaller size footings.
Nabil (1985) carried out PLTs (using plate sizeOdd m x 0.5 m) and estimated the
allowable bearing capacity as a value occurring s¢ttlement of 13 mm. The allowable
bearing capacity in the present study was estimfatethe tested sand under saturated
and unsaturated conditions at a settlement val@enaofn from the PLTs conducted on 0.2
m x 0.2 m plate. Estimated values of the bearingacidy using the proposed
relationships in this study are compared with thewable bearing capacity values for
the PLTs.
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4.6 Relationships Using the SPTs and CPTs for the Estiation of the
Bearing Capacity of Sands

Meyerhof (1956) investigated the relationship betmfd value and static cone resistance

gc for fine and silty sands and suggested that:
Jc = 44N [42]

where: gc is the cone resistance in kN/@ndN is the blow count.

Schmertmman (1970) suggested another relationsdtigelen the cone resistance of the
CPT and the N-value from SPTs based on the resufisveral fine to medium sands and
silty sands. Several other researchers also prdmtifferent relationships to correlate the
SPTs results to cone resistangeyalues (De Alencar Velloso 1959, Meigh and Nixon
1961, Robertson et al. 1983, and Danziger and dle36a1998). More recently, Kara and
Gunduz (2010) proposed a simple relationship batwike N-value from SPTs and the

cone resistancey to be used for determining the bearing capacityaoid as in Eq. [4.3].

_ 0.8019

where:

gec is in MPa and N is the corrected blow couijéo).

2.6.1 Proposed Relationships

Mohamed et al. (2010) proposed relationships tonesé the bearing capacity of both
saturated and unsaturated sands. Two equationspnagresed based on the CPTs results
to estimate the bearing capacity of shallow fouiotat of surface footings placed on
saturated and unsaturated homogenous sand reghgctidetails are summarized in
Chapter 3. Eq. [4.4] (referred to as Eqg. [3.11¢apter 3) was suggested to estimate the
bearing capacity for saturated sands ({Le..~ uv) = 0 kPa) from CPT results:
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QUIt (sat) = @(qc sar) [44]
where: qu sa) = bearing capacity for saturated homogenous s&hel0.158°% (i.e.,
correlation factor)gc sat) = average cone resistance under saturated sandicon(e.g.,
within influence zone, 1Z equal to B3rom the footing base level as illustrated in Fegu

4.16) andB = footing width (in meter) as shown in Figure 4.18
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— Beam PLT =
@ Tensiometer [o] Split-spoon
. " sampler
atric Proving rin
suction 91 G.S. ’
) J . . D“- ’ .. .‘.- . ot
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Figure 4.18 Schematic showing details of the in-BiLT and the influence zone, 1Z (for
the upper level where SPTs and PLTs were conduictedsaturated sand)

Eq. [4.5] (which referred to as EqQ. [3.12] in cleapB) was suggested to estimate the

bearing capacity for unsaturated sands (iug.+ Uv) > 0 kPa):

qult (unsap =0 (qc unsa) EHl
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where:qu wnsan= bearing capacity for unsaturated homogenous, séhel0.198° (i.e.,
correlation factor)gc unsaty= average cone resistance under unsaturated morsd{e.g.,
within influence zone, 1Z equal to BSrom the footing base level = footing width (in

meter).

The two correlation factors®and 2 presented in Eq. [4.4] and Eq. [4.5] respectively
were derived from regression analysis of the expenial results obtained from model
PLTs (Mohamed and Vanapalli 2006) and CPTs for samtter saturated and unsaturated
sand conditions (Mohamed et al., 2010). Tables4i8and 4.5 summarize the results of
the estimated bearing capacity values taking ictmant the correcteNsprvalue isSNeo
instead of K1)so (that was proposed by Kara and Gindiiz 2010) aepted in Eq. [4.6]
and Eqg. [4.7] combination with Eqg. [4.4] and Eq.5lfor sands in saturated and
unsaturated conditions, respectively. Cone resist@g values and the ratios between the
estimated and the measured allowable bearing dgpadues for the tested sand were in
the range of 96 to 116 %.
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Table 4.6 Summary of the database used for progdkecorrelations (Eq. [4.6] and Eq.
[4.7])

Saturated Unsaturated Unsaturated

Sand
. (Ua — UN) (Ua - UN) (Ua — UN)

condition

= 0kPa = 2kPa = 8kPa
Footing width,B (m) 0.2 0.2 0.2
!Corrected\sprvalue 3 5 8
%Gan (KN/nf) (measured 357 834 1498
from in-situ PLTs)

The general modeky, =C,,, N “*"

*C1spt 0.37 0.45 0.45
**C 2spt 0.73 0.83 0.83
“ge (KN/n) (estimated) 825 1711 2528

For saturated sands:

4.6]
019 [

qa” (sat) 063 [ 037 (NSPT( t)) ors X 1000

For unsaturated sands:

qa” (unsat) BOGB [ 045(NSPT(unsat)) o8 X 1000 [47]

Sa (kN/F) (estimated) 341 (Eq.[4.6]) 971 (Eq[4.7])  148%.[4.7))

Estimated/Measured 0.96 1.16 0.96

!Average correctedNsprvalue (i.e.,Neg) in the influence zone of 185 *Measured
bearing capacity from PLTs (i.e., allowable bearoapacity taken at settlement= 6
mm of the 200 mm x 200 PLT conducted in Carp satiEBtimated allowable bearing
capacity using the proposed relationshfi@one resistance from correctBigervalue, *
Cuspt = First fitting parameters;c 2spi= Second fitting parameter.
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The two empirical relationships Eqg. [4.6] and 7] were derived extending Kara and
Gunduz (2010) model based on the analyses of thanell results of SPTs from the
present research program. The two fitting paramet@re computed by iteration process
as the in-situ PLTs and SPTSs results were knowthi®tested sand under both saturated
and unsaturated conditions. The details are surzethin Table 4.6. These relationships
can be used to estimate the allowable bearing dspat shallow foundations in
saturated and unsaturated sands. Figure 4.19 powuide measured and estimated
allowable bearing capacity values of the testedd 9anboth saturated and unsaturated

conditions.

== Estimated using the proposed procedure
—/— Measured using PLTs in this research

PLT
0.2mx 0.2m

Bearing capacity (Unsaturated )

Bearing capacity (Saturated )

0 L) L) L) L) L) L) L) L) L) L)
0 2 4 6 8 10

Matric suction, (ug - uy,), (kPa)

Figure 4.19 Comparison between the estimated anth#asured bearing capacity values

using 0.2 m x 0.2 m square plate

The obtainedNsprvalues which plotted in Figures 4.16, 4.15 and4vkre corrected for
the recorded blow count values within the stredb bane depth of 1Bfrom the base of
footing base and used in the analyses of the damTables 4.3, 4.4 and 4.5). Details of
in-situ footing load tests, FLTs results along wille SPTs conducted in their vicinity
published by Giddens and Briaud (1994) and Nal®BE&) are summarized and presented
in the next section. These in-situ results (frordd&ns and Briaud 1994, and Nabil 1985)
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are used to check the validity of the proposedtimahips (based on SPTs) for

estimating the allowable bearing capacity valuestbér saturated and unsaturated sands.

4.7 Validation of the Proposed Technique Using In-SituData from
Literature

Four large-scale footing load tests (FLTS) resiiis a sandy soil with some silt)
conducted in-situ by Giddens and Briaud (1994) wesed to validate the proposed
relationships in the present study. The footingseweaded in sand at the Texas A&M
University National Geotechnical Experimentatiote dji.e., data summarized in Table
4.7).

Table 4.7 Typical results of the estimated allowabéaring capacity using SPTs and
measured allowable bearing capacity of FLTs attteseent,o of 25 mm conducted on
sand in Texas, USA (from Giddens and Briaud 1994)

Sand Unsat. Unsat. Unsat. Unsat.
condition (Ua—Uy)  (Ua— ) (Ua — Uw) (Ua — Uw)
= ~10kPa = ~10kPa = ~10kPa = ~10kPa

Footing width,B (m) 1.0 1.5 2.5 3.0
!Corrected\sprvalue 18 14 18 21

20 (KN/nP) 4955 4022 4955 5632
3gan (KN/n) (estimated) 941 580 504 506
Aan (KN/nT) (measured) 1000 800 630 600
Estimated/Measured 0.94 0.73 0.80 0.84

!Average correctetlispr-value (i.e.Neso) in the influence zone of 185 2Cone resistance;

Estimated allowable bearing capacity using the gpsed relationships*Measured
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bearing allowable capacity from FLTs

In addition to these tests, two more footing loasts, FLTs results (performed in a sandy
soil at different locations in Kuwait) reported Babil (1985) are also analyzed and used

in the validation in this study (refer to Table }1.8

Table 4.8 Typical results of the estimated allowabéaring capacity using SPTs and
measured allowable bearing capacity of FLTs attdesgent, d of 25 mm from Nabil

(1985) conducted on sand in Kuwait

Sand Unsat. Unsat. Unsat. Unsat.
condition (Ua — Wy) (Ua — Wy) (Ua — Wy) (Ua — Wy)
= ~7kPa = ~8kPa = ~9kPa = ~9kPa
Footing width,B (m) 0.5 0.5 0.5 1.0
'CorrectedNsprvalue 7.5 7.5 15 15
2gc (KN/nrP) 2396 2396 4259 4259
3gan (KN/nf) (estimated) 729 729 1296 809
40an (kN/nf) (measured) 900 800 1200 1100
Estimated/Measured 0.81 0.91 1.08 0.74

IAverage corrected $¢rvalue (i.e.Neo) in the influence zone of 185%Cone resistance;
Estimated allowable bearing capacity using the gpsed relationships*Measured

bearing allowable capacity from PLTs

The average matric suctiofua — uv)avr value for the sand at the Texas site was
determined assuming constant matric suction digioh as water content throughout the
depth of - 4.9 m was approximately uniform. Theimpsize distribution of the sand at
Texas site was found to be similar to that of th#eBod Sand tested by Steensen-Bach et

al. (1987). The matric suction value of 10 kPa esponds to the gravimetric water
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content,w value of 5% from the soil water characteristicveu(SWCC) of the Sollerod

sand was estimated as 10 kPa and used in the petgén.

The GWT level at the Kuwait site varied from 12to - 10m depth depending on the
location where the PLT conducted; however the gnatic water content values
reported in the narrow range of 3 % to 6 %. Therimauction values for these water

contents were approximately in the range 7 kP@thHFa.

It can be observed that the averd@ervalue required for the proposed relationships are
functions of the widthB of the footing. The larger the footing widtB the larger would

be the influence zone, IZ (see Figure 4.18). Thiationship leads to the elimination of
the scale effect in the estimated allowable beacmgacity values. Table 4.7 and Table
4.8 summarize the correctddsprvalues (i.e.,Neo), the cone resistancee and the
estimated as well as the measured allowable beaapgcity values for Texas and

Kuwait sites respectively.

Comparisons are provided in Figure 4.20 between gstémated allowable bearing
capacity,dan values using the proposed procedure and the mehsillmvable bearing
capacity values for seven different footings (asisarized in Table 4.6, Table 4.7 and

Table 4.8) in sandy soils under both saturatedusisaturated conditions.

4.8 Discussion of Results

The Eg. [4.6] and Eq. [4.7] provide good comparssdretween the estimated cone
resistanceq. values and the measured values as presented ie Fabland Table 4.8.
The ratio between the estimated and measured leadpacity of the six different
footings at different sites is 92 %. In some ca$les,estimated bearing capacity values

are slightly lower than the measured bearing capaeaiues.

The contribution of matric suction to the bearirgpacity of the tested sand can be
clearly seen in the trends shown in Figure 4.1& Bearing capacity obtained from in-
situ from PLTs of 0.2 m x 0.2 m (i.e., conducted tluis research) increased linearly in
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the low matric suction range. The rate of incraaseon-linear for matric suction values
greater than 2.5 kPa (which is approximately thee/af the air-entry value of the sand
as shown in Figure 4.12). This observation is ciast with the behaviour of unsaturated
sands as well as the conclusions drawn by Vanagglil. (1996) with respect to the
shear strength behaviour of unsaturated soils.aSerand embedded model footings of
0.1 m x 0.1 m and 0.15 m x 0.15 m tested by MohaameldvVanapalli (2006) in saturated
and unsaturated compacted sand in a controlledrdadry environment have shown

similar trends in the bearing capacity behaviour.

R 2500 O In-situ PLTs from Ottawa
NE 1 A In-situ FLTs from Texas
> 2000 - O In-situ PLTs from Kuwait [
< i Measured = Estimated
=
S 1500 -
O 4
\ O
21000 -
o ] A pAO
>
@ 500 -
o
= 1 B.C. = Bearing capacity
0 L] L] L] L] L] L] L] L] L]

0 500 1000 1500 2000 2500

Estimate B.C., q_, (kN/m?)

all

Figure 4.20 Comparison between the estimated anthdasured allowable bearing
capacity values in both saturated and unsaturatedissfor seven different footings from

both laboratory and field

Figure 4.20 provides comparisons between the estdralowable bearing capacity from
the proposed relationships and the measured véloesin-situ PLTs and FLTs tested
using Eqg. [4.6] for saturated sands and Eg. [47]uhsaturated sand conditions. These
two empirical equations are function of the footiBgand the average correctedph

value (i.e.,Neo) in the influence zone of 1B5from the footing base level. It is observed
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that the larger the widtiB the larger would be the influence zone, 1Z whieads to the
elimination of the scale effect on the estimatedring capacity values. The results (i.e.,
plotted in Figure 4.20) show reasonably good comparbetween the estimated and
measured allowable bearing capacity values.

4.9  Summary and Conclusions

The bearing capacity of shallow foundations caedtenated from in-situ PLTs, CPTs or
SPTs. The influence of matric suction on the bepcapacity of sands is usually ignored
in conventional geotechnical engineering practi@averal SPTs and PLTs were
conducted at Carp region in Ottawa, Canada to detraie the influence of matric

suction on the bearing capacity of sand. Basederanhalyses of the field and laboratory
results, simple relationships are proposed to egénthe allowable bearing capacity of

footings in both saturated and unsaturated sands.

The proposed relationships were tested for thdidiyausing the in-situ SPTs, PLTs and
FLTs data available in the literature (Giddens @whud 1994, and Nabil 1985).

Reasonable comparisons were observed between tingatesl and measured bearing
capacity values. The study presented in this chaptef interest for the practicing

engineers to extend our understanding of the mechaih unsaturated soils in the design
of shallow foundations, which is more applicabledad and semi-arid regions.
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CHAPTER 5

*GENERALIZED SCHMERTM ANN
EQUATION FOR SETTLEM ENT
ESTIMATION OF SHALLOW FOOTINGS IN
SATURATED AND UNSATURATED SANDS

5.1 Introduction

Shallow foundations such as isolated footings amefepred for light and low-rise
buildings in comparison to deep foundations whesatively favourable soils are
available. The performance of the shallow foundwits generally satisfactory in sandy
soils and is less expensive in comparison to deapdations (Briaud 1992). In the case
of bridges where the cost of the foundation isrofigh, it is possible to save 50 % of the
foundation cost, if spread footings are used imstefaconventional deep foundations
such as piles (Briaud 2007). The main functionhaf $hallow foundations is to transfer
the loads from the superstructure to the suppogoigwith an adequate factor of safety
against bearing capacity failure. In addition, thetings settlement should be lower than
an allowable value, which is typically recommendsd25 mm for sands (Terzaghi and
Peck 1967).

In most cases of shallow foundations design, ithes settlement that is the governing
parameter rather than the bearing capacity, péatigufor sands. The settlements of
footings in sands are typically estimated fromiia-$ests such as plate load tests (PLTS),

*This chapter is developed by extending a papentaatpublished in the International Journal of Geclnanics
and Engineering 2013.

Chapter 5-General Equation for Settlement of Fastin Unsaturated Sand 120



standard penetration tests (SPTs), or cone peiloetragsts (CPTs) without considering
the influence of matric suction (i.e., capillaryrestses) in the soil. The empirical
correlations using the CPT results are more comynosgd as a tool in the estimation of
settlement of shallow footings in sands in engimegpractice (Robertson 2009). A
number of empirical equations are available in litexature that can be used for the
estimation of the settlement of footings in sandsg the CPTs results (for example,
Meyerhof 1956, DeBeer 1965, Schmertmann et al. 18A8 Mayne and lllingworth
2010). Schmertmann et al. 1978 method used the samelation factor to relate the
cone resistanceq. to the modulus of elasticityEs of soils. The settlement 1994
prediction session held in Texas clearly demoredrdahe deficiencies in the present
settlement prediction or estimation methods whiehayally overestimate the settlements
making the foundation designs excessively conseev@ibas and Sivakugan 2007).

The conventional methods are particularly conserggbr unsaturated sands as they do
not take account of the influence of matric suctiwhile estimating settlements of
shallow footings. Several researchers have usddratbn chambers with flexible walls
using either dry or saturated soils (Schmertman#618ellotti et al. 1982, Houlsby and
Hitchman 1988, Iwasaki et al. 1988, Parkin 198&)rfaed and Houlsby 1991, Tan 2005
and Others). A calibration chamber with rigid wdiss also been used by Salgado et al.
(1998) using saturated sand. Hryciw and Dowdin@{}%onducted a series of CPTs in
partially saturated sands and found that the @apiltensions (i.e., matric suction)
significantly increase the penetration resistanighdr than in that of saturated or dry
condition. Miller et al. (2002), more recently Poaghiazar et al. (2011) and
Pournaghiazar et al. (2012) used a new calibratbamber to perform CPTs in
unsaturated soils where matric suction values argralled and demonstrated that the
measured penetration resistances were influencethdycapillary stresses. They also
suggested that the measured cone penetration vahtagied in the chamber can be
related to the equivalent field values to be usedpractice. In addition, several
researchers carried out investigations on the bgaapacity of unsaturated soils (Broms
1963, Steensen-Bach et al. 1987, Schnaid et al5,19%00 et al. 1997, Miller and
Muraleetharan 1998, Costa et al. 2003, Mohamed\@rdpalli 2006, and Rojas et al.
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2007). All these investigations have shown a sigaift contribution of matric suction to
increase of the bearing capacity of unsaturatdd.d®ecent studies also show that matric
suction within the stress bulb region of a footsignificantly influences the settlement
behaviour of footings that are located above tlwigdwater level (Vanapalli 2009, and
Oh and Vanapalli 2011).

Simple relationships are proposed in this chapternmodifying the Schmertmann’s

equation for settlement estimations of footings.(B/L = 1) carrying vertical loads in

saturated and unsaturated sandy soils. The modifietthod is developed using model
plate load tests (PLTs) and cone penetration téSR®Ts) results conducted in a
controlled laboratory environment. Seven in-sitli-fgale footings tested under both
saturated and unsaturated conditions in sands weeel to validate the proposed
technique. The results of the study are encouragthey provide reliable estimates of
the settlement of shallow footings in both satwassd unsaturated sands using the

conventional CPT results.

5.2 Properties of the Tested Material

The properties of the sand used in the preseny sitel summarized in Table 5.1. The
grain-size distribution and the SWCC of the sarsdmown in Figure 5.1. The tested soll
is classified according to Unified Soil Classificat SystemUSCSas poorly graded sand
(fine sand).
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Table 5. 1 Parameters and properties of the testiéd

Parameter or soil properties Value
Specific gravity Gs 2.64
Average dry unit weightys , KN/m3 16.02

Min. dry unit weight,js (min) , KN/m3 14.23

Max. dry unit weight g max), KN/m3 17.25
Average relative density)r % 65.0
Optimum water conteng.w.g % (Standard Proctor Tept 14.6

Void ratio, e (after compactioh 0.62-0.64
Effective cohesiong’ , kN/n? (Drained Conditioi 0.6
Effective peak internal friction angle, (°) (Drained Condition 35.3
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Figure 5.1 (a) The grain-size distribution of teeted sand; (b) The soil-water

characteristic curve (SWCC) of the tested sand
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5.3 Test Equipment

5.3.1 Test Tank (UOBCE-2006)

Mohamed and Vanapalli (2006) designed equipmentBOB-2006; the University of
Ottawa Bearing Capacity Equipment) as illustratedrigure 5.2. Two model footing of
100 mm x 100 mm and 150 mm x 150 mm (i.e., footinogssand) to determine the
applied stress versus settlement response in eotledtlaboratory environment. The test
of the UOBCE-2006 was used to provide confinemerihé compacted sand. It also has
a system for saturating and de-saturating the a®idesired. These provisions allow
conducting different test scenarios of saturatedtii;y suction = 0 kPa) and unsaturated
(matric suction = 1 to 6 kPa) conditions in thet tes'\k. The equipment consists of a
rigid-steel tank of 900 mm (length) x 900 mm (width750 mm (depth). The test tank
can hold up to 1.2 tons of a compacted sandy 3tie sand in the test tank was
compacted manually using a 5-kg flat steel-platee dptimum water content value of
14.6 % determined from Standard Proctor test waslsied in the test tank to achieve an
average dry density of 16 kN?mapproximately. Linear Variable Displacement
Transducer (LVDT) was attached to the vertical ingdarm and the tip of the LVDT
was placed directly on the surface of the modetifigoto measure the settlemestas
the load is being applied. A load cell (LC) capabieneasuring 15 kKN was mounted on
the loading arm to measure the load being appBedh the LVDT and the LC were
connected to a data acquisition system (DAQS) taitnpand record data during testing
(i.e., the DAQS is compatible with LabView softwarand a computer. The model
footing tests were carried out under different agermatric suction values in the stress
bulb region (i.e., 1.B) of each model footing (i.e., 0 kPa, 2 kPa, 4 kRd 6 kPa where
the water table was located at 150 mm, 200 mmn3®0and 600 mm respectively).
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Figure 5.2 Schematic to illustrate the detailshef t OBCE-2006

5.3.2 Test Tank (UOBCE-2011)

This equipment has twice the loading capacity ef ttOBCE-2006 described in section
5.2. The equipment (i.e., UOBCE-2011; a schemdttb®equipment is shown in Figure
5.3) consists of a rigid-steel frame made of regtigar sections with a thickness of 6 mm
and a test tank of 1500 mm (length) x 1200 mm (wick 1060 mm (depth). The test
tank can hold up to 3 tons of a compacted sand.s@hd in the test tank was compacted
to achieve similar compaction properties as inW@BCE-2006 test tank (i.e., optimum
water content ~ 14.6 % and an average dry denkit$.®2 kN/m3). The capacity of the
loading machine (i.e., Model 244-Hydraulic Actuateith a maximum stroke length of

270 mm connected to MTS controller) is 28.5 kN. Theilt-in Linear Variable
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Displacement Transducer (LVDT) and the load ceC)lwere directly connected to the
data acquisition system (DAQS) and a computer. Fdwtional view of the UOBCE-
2011 test tank is shown in Figure 5.4.
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5.4 Laboratory Model Footing Tests

5.4.1 Surface and Embedded PLTs under Saturated Condition

The water table was slowly raised from the bas¢heftest tank (UOBCE-2006 and
UOBCE-2011) through a 50 mm aggregate layer tha emvered by a thin layer of a
geotextile to prevent the sand from being washed tbrough the aggregate during
desaturation process (see Figure 5.5). This teakngmsured escape of air from bottom
to the surface layers of the soil in the test tem&nsure saturated condition (i.@k - Uw)

= 0 kPa). The adjustments of the water level intds tank were inspected periodically
using the piezometers (i.e., transparent plasbeswattached to the test tank as in Figs. 2,
3 and 4). The water supply valve was closed oneawiditer level reached the soil surface
in the test tank. The applied stress and the s&ti¢ of the saturated soil were measured
(for 100 mm x 100 mm and 150 mm x 150 mm PLTs) muthe gradually loading
process of the model footings at a constant ratel.af mm/min assuming drained
condition. All Tensiometers in the test tank (asvgh in Figures 5.5 and 5.6) indicated

zero matric suction values after saturation anéhduhe testing period.

5.4.2 Surface and Embedded PLTs under Unsaturated Condibin

The soll in the tank was first saturated as delditethe previous section. The water table
was then lowered down slowly (using drainage vakleswn in Figures 5.4 and 5.5) to
different levels of depth from the soil surface a@ohieve different suction values as
desired. Equilibrium conditions with respect to ritasuction value in the stress bulb

zone (i.e., depth of 1B) were typically achieved in a time period of 24&hours.

Chapter 5-General Equation for Settlement of Fastim Unsaturated Sand 130



LVDT E] LC
@D— Tensiometer
) e
g [ 10 |€1-1 Soil surface .
2 —I Eall l
[ 7kPa : ! 5 8kPa pt
Sl = :
5 C2-1 _ Ej4 4kPa N
g 32_ — m (ua uW 2 é
N -1 "/ 2.8kP 2
2 2kPa . .’ll _' a o~
-9 .
500 | c4er- kPa | /. ,
WTL [ [ plkPa . — _
WTL for Test 4 ! .
\VA 600 ) . LN S R !
900mm
o |

>

(UOBCE 2006)
Plate Load Test

1Z
SB

—e—
—-O--

9

Influence zone
Stress bulb

Container for density

Measured suction
Hydrostatic suction

Geotextile layer

Aggregate layer

Figure 5.5 Sectional view of the test tank of tteRCE-2006 illustrating the variation of

average suction of 6 kPa in the stress bulb zomesofface PLTs

Chapter 5-General Equation for Settlement of Fastin Unsaturated Sand

131



As reported by Poulos and Davis (1974), Steensa-B2987), and Agarwal & Rana
(1987) the zone of depth in which the stressestdueading are predominant is B5
The applied stress and the settlement were measlinedg the tests under different
average matric suction values (i.e., 2 kPa, 4 kith6akPa in the 1Bregion). While the
matric suction values were measured using the ®ereders, the gravimetric water
contents at equilibrium conditions were determiraggbroximately at the same levels
where soil specimens were collected in small alumircups with perforations that were
embedded inside the compacted sand prior to comguthe tests. These cups were
placed within the proximity of the model footingl(P). Figures 5.4 and 5.5 show the
cross-section of the test tank in a schematic famd provides the details of the
placement of Tensiometers and the aluminum cupdSfmm (height) x 40 mm
(diameter) at different depths (labeled as C1-1,1C€3-1 and C4-1 ...etc). Figure 5.5
also shows the variation of suction (i.e., measargdi hydrostatic matric suction profiles)
with respect to depth in the test tank. Table murmarizes the data set of results in
which the average matric suction value in the stlmdb zone was 6 kPa (achieved by
placing the water table at a depth of 600 mm).

Table 5.2 Typical data from the test tank for aerage matric suction of 6 kPa in the
stress bulb zone (i.e., Bb(100 mm x 100 mm) surface model footing using GEB
2006

Parameter or Property

ID(mm) 2y 3 (KN/M) ‘W (%)  5S(%) (Ua- Un) avk (kPa)
10 18.17 15.94 14.0 58 6.0

150 18.75 15.85 18.3 76 4.0

300 19.27 16.07 20.0 86 2.0

500 19.40 15.77 23.0 94 1.0

600 19.74 15.95 23.8 100 0

Depth of a Tensiometer from the soil surfaitetal unit weight;*dry unit weight;*water

content;’degree of saturatiofaverage matric suction in the stress bulb zone
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Figure 5.6 Applied stress versus settlement belawdbsurface model footing tests
(PLTs) of 200 mm x 100 mm

The results of the experimental work conductedgisivo different model footings (i.e.,
surface PLTs) of 100 mm x 100 mm and 150 mm x 1B0imthe laboratory are plotted

in Figure 5.6 and Figure 5.7 respectively. Thesstneersus settlement relationships show
a dramatically increase of the applied strgsand a decrease of the measured settlement,

with an increase in the matric suction.

Chapter 5-General Equation for Settlement of Fastim Unsaturated Sand 133



_ 150 mm x 150.mm -0 PLT

NE 8004 ...............................

2

S5

o 600 NS P S o]

173 : : .

a A : i

st A 550 : : : - =

B 400 o 7 e e ] —o— (Ug - uy) =0 kPa
-GO.) —— (U - uy) =2 kPa
2 2004 & A S T —&— (Ua- uw) =4 kPa
< A L i e —8— (ug-uy) =6 kPa

0 5 10 15 20 25

Measured settlement, o (mm)
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Embedded model footing tests (PLTs) of 150 mm x @8 were also conducted by
placing the model footing at a depth of 150 mm Wetbe soil surface in the bearing
capacity equipment, which is referred to as UOBQ&42 Table 5.3 summarizes the data
set of results in which the average matric suctialue in the stress bulb zone was 6 kPa

(achieved by placing the water table at a dep#®06f mm).
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Table 5.3 Typical data from the test tank for aerage matric suction of 6 kPa in the

stress bulb zone (i.e., Bp (150 mm x 150 mm) embedded model footing using
UOBCE-2011

Parameter or Property

1D (mm) 2 3 (KN/MP) W (%)  5S(%) *(Ua- U) avr (KPQ)
12 18.16 16.20 12.1 53 8.0
150 19.00 16.24 17.0 75 7.0
355 19.20 16.13 19.0 82 5.0
500 19.50 16.12 21.0 91 2.0
700 19.74 16.03 23.1 08 1.0

Depth of a Tensiometer from the soil surfaitetal unit weight;*dry unit weight;*water

content;’degree of saturatiofaverage matric suction in the stress bulb zone

These tests were conducted to investigate theenfle@ of matric suction on the applied
stress and settlement behaviour of footings in saRidure 5.8 presents the applied stress
versus settlement behaviour for different testeigidi50 mm x 150 mm model footing.
The matric suction values (i.e., 0 kPa, 2 kPa, 4 &Rd 6 kPa) for each test represent an
average value of capillary stress in the proxinatythe stress bulb (i.e., B of the
model footing as shown in Figure 5.5.
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Figure 5.8 Applied stress versus settlement belaembedded model footing tests
(PLTs) of 150 mm x 150 mm

The applied stress versus settlement relationshipsgures 5.6, 5.7, and 5.8 show that
the maximum applied stress (i.e., bearing capadaiigieases with an increase in matric
suction of the tested sand in the range of O t®&. KAs the matric suction increases, it
contributes to the component of the apparent cohesi the shear strength of the

unsaturated sand (Vanapalli et al. 1996).
5.5 Laboratory Cone Penetration Tests

In addition to the PLTs, cone penetration testsT&}Rvere also conducted in the same
sand previously used for PLTs (more details of CRiis presented in chapter 3). The
UOBCE-2006 was modified (see Figure 5.9) and a gametrometer was designed. The
cone penetrometer has a diameter of 40 mm and apge of the cone was 60 °. The

projected area of the cone was 12562mMsmooth shaft of 600 mm was connected to
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the cone along with the loading machine. Commeraiahufacturing typically use cone
diameter,d. = 35.7 mm for penetrometers. The cone resistapcessults (formge vs d
profile) can be used for the estimation of settleta®f different footing sizes (e.g., ~ 150
mm x 150 mm to ~ 3000 mm x 3000 mm). Lunne et H997) stated that “cone
penetrometers with diameters differing from thendtad 35.7 mm are quite frequently
used”. The ASTM-D 5778 standard suggests using pemetrometer sizes in the range
of 35.7 mm to 43.7 mm. These guidelines satisfyirggresearchers and 40 mm diameter
cone is used in the present study. The size oftélse tank was large enough for
conducting the CPTs using a cone penetrometer ahd0in diameter with negligible

size effects (width of test tank/diameter of cenz3).

A long stroke Linear Variable Displacement TransadudVDT) which can measure up
to 500 mm was connected with the cone penetrometereasure the penetration depth.
A series of CPTs conducted on the compacted sandtfie same sand used for the PLTs
with Dy of 65 %) in the UOBCE-2006 under saturated anciunated sand conditions as
shown in Figure 5.9.

The cone penetrometer was pushed through the samat@nstant rate of 1.2 mm/min.
The saturated coefficient of permeability of saadelatively high and the penetration
rate used (1.2 mm/min) is relatively slow enoughassure no increase in exces pore-
water pressure (in other words= qc). Iwasaki et al. (1988) performed CPT at 2 mm/sec
to assure fully drained condition of Toyoura saRdbertson and Cabal (2010) suggest

thatgc may be assumed to be equatitéor sandy soils.
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Figure 5.9 Schematic to illustrate the detailshef t OBCE-2006 used for conducting
CPTs

The sand in the test tank was manually compacted for testing as discussed earlier in
section 5.3. The first series of tests (i.e., CR¥&$ carried out under saturated condition
(i.e., water level in the test tank was at the saiface and the matric suction = 0 kPa)
and the second series of tests was conducted wumdaturated conditions. Poulos and
Davis (1974), Steensen-Bach et al. (1987), and waglaand Rana (1987) reported that
the zone of depth in which the stresses due toirlgadre predominant is 1B5 A

representative value of cone resistargeof each of the series of the CPTs results is

taken as the average of the cone resistance ipta dél.3.
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Table 5.4 Typical data from the test tank for aerage matric suction of 6 kPa in the

influence zone (i.e., 18 B = footing width) of the cone penetrometer

Parameter or Property

1D (mm) 2 3 (KN/MP) W (%)  5S(%) S(Ua- U) avr (KPQ)
10 18.17 15.94 14.0 59 6.0
150 18.76 15.85 18.3 76 4.0
300 19.20 16.07 19.5 83 2.0
500 19.30 15.77 22.5 93 1.0
600 19.74 15.95 23.8 100 0

1Depth of a Tensiometer from the soil surfaitetal unit weightdry unit weight;*water

content;>’degree of saturatiofiaverage matric suction in the stress bulb zone

Typical set of results of the CPT tests with anrage matric suction of 6 kPa is
summarized in Table 5.4. The experimental resilteevariation of the cone resistance,
gc with penetration depth are plotted in Figure 5SAf@m the measured CPTs results, the
cone resistance). under unsaturated conditions (average matric ucstalues of 1 kPa,

2 kPa and 6 kPa) found to be two to three timebkdrighan the cone resistance of CPTs
conducted in saturated condition. These resultscansistent with the observations of
Russell and Khalili (2006) and Pournaghiazar et(2011). The increase in the CPT
values can be attributed to the contribution of mhatric suction. The cone resistance
increased as the soil condition changes from s&wi@® kPa) condition to unsaturated (1
kPa, 2 kPa and 6 kPa) conditions in the capillanyez A summary of the sand properties
along with the model plate footing tests (PLTs 60 Inm x 100 mm and 150 mm x 150
mm) and the cone penetration tests (CPTs) usetieandevelopment of the proposed
technique (i.e., relationships) is presented inld@b.5, 5.6 and 5.7.
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saturated and unsaturated sand conditions

Table 5.5 Data collected from PLTs and CPTs coratldh the laboratory using

UOBCE-2006

Parameter or Property

Soil B(m) d(m) Water level %(Ua- Uw) 3Dy (%) 0c AR
Surface model PLT from this research

SP 0.1 0 0 0 65 118

SP 0.1 0 0.2 2.0 65 565

SP 0.1 0 0.6 6.0 65 805

!Depth of plate base from soil surfaéeteasured matric suction in the test béRelative

density;*Average cone penetration resistance (in ki§j/inrom laboratory CPTs
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Table 5.6 Data collected from PLTs and CPTs coratldh the laboratory using
UOBCE-2006

Parameter or Property

Soil B(m) d(m) Water level %(Ua- Uw) 3Dy (%) 0c AR

Surface model PLT from this research

SP 0.15 0 0 0 65 270
SP 0.15 0 0.2 2.0 65 900
SP 0.15 0 0.6 6.0 65 1235

!Depth of plate base from soil surfaéeteasured matric suction in the test béRelative
density;*Average cone penetration resistance (in ki§j/inrom laboratory CPTs

Table 5.7 Data collected from PLTs and CPTs coratldh the laboratory using
UOBCE-2011

Parameter or Property

Soil B(m) d(m) Water level %(Ua- Uw) Dy (%) 0c AR

Embedded model PLT from this research

SP 0.15 0.15 0 0 65 550
SP 0.15 0.15 0.45 2.0 65 1200
SP 0.15 0.15 0.8 6.0 65 1600

!Depth of plate base from soil surfaéeteasured matric suction in the test béRelative

density;*Average cone penetration resistance (in ki§jinrom laboratory CPTs
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5.6 In-Situ Footing Load Tests and Cone Penetration Tés

5.6.1 In-Situ Footing Load Tests

Five full-scale footing load tests (FLTs of 2.0 ml® m, 1.5 mx 1.5m, 25 m x 2.5 m,
3.0 m x 3.0 m (north) and 3.0 m x 3.0 m (south)jem@gn a sandy soil with some silt)
conducted in-situ by Giddens and Briaud (1994) wesed to validate the proposed
technique for estimating the settlement of footiimgthe present study. The footings were
loaded in sand at the Texas A&M University Natio@aotechnical Experimentation site
(see data in Table 5.8). The in-situ results of @RI conducted close to the footing 3.0
m x 3.0 m (south), suggest the measwges much lower compared to tloeg values of
the other CPTs conducted close to 1.0 m x 1.0 Bajrilx 1.5 m and 2.5 m x 2.5 m as
well as the 3.0 m x 3.0 m at the north locationthef site. Lee and Salgado (2002) also
commented that the significant load underpredictiesulting from the application of
Schmertmann’s method to the 3-m footing (south)swias due to the very low cone
resistance at a depth equal to about 3 m obsemvibe iICPT test used in the analysis. The
researchers also speculated that these resultsnmiaype reflective of the true soll
condition underneath the footing. Therefore, th@ 8. x 3.0 m footing (south) and the
CPT-07 in Giddens and Briaud (1994) results was auotsidered in this analysis. In
addition to these tests, four footing load test8%0m x 0.65 m, 1.1 m x 1.3 m, 1.60 m x
1.80 m, and 2.30 m x 2.50 m) results (in a sandy sonducted in Fittja site in Sweden
by Bergdahl et al. (1985) were investigated inghesent research (see data in Table 5.9).
Nevertheless, the footing 1.10 m x 1.80 m was @uiin the present analysis as it
showed a very low stress and large settlement Becafl the existence of clay lens
underneath it as the focus of the present resesardhected towards testing only sandy
soils. The sands at both sites (i.e., National €gotical Experimentation site in Texas
and Fittja site) are considered to be in unsatdratenditions as the groundwater table
levels were at 4.9 m and 1.5 m deep respectivetyn(the ground surface). The sands at
both sites (i.e., National Geotechnical Experimeotasite in Texas and Fittja site in

Sweden) are considered to be in unsaturated conditas the groundwater table levels
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were at 4.9 m and 1.5 m deep respectively (fromgtbhend surface). The average matric
suction valugua - uw)avr for the sand at the Texas site was assumed td beiform as
the water content above the groundwater table Wssumiform and equal to 5 %. The
soil-water characteristic curve (SWCC) of Sollersahd (Steensen-Bach et al. 1987)
which has similar grain-size distribution of sandTiexas site was used to back calculate
the matric suction value of the Texas site. A ngasuction value of 10 kPa that
corresponds to 5 % water content from the SWCC wgzsl in the present study. The
groundwater table at the Fittja site was at a ehaltepth; therefore, a hydrostatic
distribution was assumed and the average matritsuio the stress bulb zone was taken
as 7 kPa.

5.6.2 In-Situ Cone Penetration Tests

Five cone penetration tests (CPTs) were conducteiddens and Briaud (1994) at
Texas A&M University National Geotechnical Experimi&ion site near the locations of
the spread footing load tests (FLTs) describediezarThe values of average cone

resistanceg. for the site was between 5400 kPa to 7500 kPa.

Table 5.8 FLTs and CPTs data summarized from theature and used to validate the
proposed technique from Giddens and Briaud (1994)

Parameter or Property

Soil B(m) *d(m) Water level %(Ua- Un) Dr (%) “gcavr

Large-scale footings from Giddens and Briaud (1994)

SP 1 0.5-1.5 4.9 ~ 10 48 5400
SP 1.5 0.5-15 4.9 ~ 10 46 6000
SP 25 05-15 4.9 ~ 10 53 6500
SP 3 0.5-15 4.9 ~ 10 57 7500
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Depth of footing from soil surfacéEstimated matric suction in-sitdRelative density
estimated from the CPT datsverage measured cone penetration resistance (im¥N

from in-situ CPTs

An average cone resistanag, from CPTs results for the Fittja site in Swedenswa
reported to be 2300 to 3300 kPa over an influerce zepth of 1B. These CPT results
in combination with the FLTs described in the earkection are used to validate the

proposed relationships for the estimation of setdlets of footings.

Table 5.9 FLTs and CPTs data summarized from theature and used to validate the

proposed technique from Bergdahl et al. (1985)

Parameter or Property

Soil B(m) d(m) Waterlevel %(Ua- Uw) Dy (%) 0c AR

Large-scale footings from Bergdahl et al. (1985)

S 0.55 0.4-11 15 ~7 30 2300
S 16 04-11 15 ~7 30 3000
S 23 04-11 15 ~7 30 3300

1Depth of footing from soil surfacéEstimated matric suction in-sitéRelative density estimated
from the CPT datdAverage measured cone penetration resistance (mafom in-situ CPTs.

5.7 Settlement Estimation Using Available CPT-Based Méiods

One of the most commonly used CPT-based methodzrantice for estimating the
settlement of shallow footings in sand is the Sattimann et al. (1978) method. This
method assumes an influence zone, IZ for settlec@nputations that extends down to a
depth of B for square footings. The modulus of elasticigy,typically increases with
depth, and the stresses induced by the applied deadease with depth and become

negligible for depths greater than B.Gefer to Figure 5.5 in section 5.4). Schmertmann
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et al. (1978) suggested an equation (i.e., Eq.fbrlthe calculation of footing settlement
in sands using average cone resistance over a de@Bhfrom the base of the footing as
in Table 5.10. Meyerhof (1974) also suggested apimral equation (i.e., Eq. 5.2) for

estimating settlements of footings on sandy saiagithe CPTs results. More recently,
Mayne and lllingworth (2010) analyzed a large dasgbwhich consisted of full-scale
footings and proposed an empirical equation (Eg., 5.3) for settlement estimation as
well. Mayne and lllingworth (2010) more recentlyalyzed a large database which
consisted of full-scale footings in the range & < B < 6.0 m on different sands.

The key parameter required for the estimation dfleseent of shallow footings is the
modulus of elasticity (see Eq. 5.1). Stress histaatural cementation, apparent or total
cohesion due to matric suction and over consobdasire other significant factors that
influence the modulus of elasticity of cohesionlsess (e.g., sands). The measurement
of the modulus of elasticity from field tests isngolicated and also expensive. The
measurement of modulus of elasticity using labayatests is not only time consuming
but also difficult due to the problems associatéith wampling disturbance for sands. Due
to these reasons, the CPT has been widely usedt@s # estimate the modulus of
elasticity from empirical correlations (DeBeer 196%eyerhof 1974, Schmertmann 1970,
Schmertmann et al. 1978, and Robertson and Camaah®86). The modulus of
elasticity of sands can be estimated from the Gf3ilts with a low degree of uncertainty
in comparison to the SPT and PLT results. In pcactihe soil modulus of elasticity is
usually determined by multiplying the average cogsstanceqc by a correlation factor

such asd;.
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Table 5.10 CPTs-based equations reported in th&lire for settlement estimations

Researcher Equation
2B
Schmertmann et al. (1978) 0=CiCo(da-0'2d) Xl(12i0z) (Es)]  EQ. [5.1]
0
Meyerhof (1974) 6 = (0g)[B/(20c)] Eq. [5.2]
Mayne and lllingworth (2010) &= (q4)2[5B /(3q¢)] Eq. [5.3]

where:Ci = depth factor (i.eC1=1-0.5p"24/ (0a - 6'2.d), C2 = time factor (i.,e.C2=1 -
0.21 log [t/0.1]),6 = settlement, (mm)ga = footing pressure, (KN/f)y o' 24 = vertical
effective stress at footing base level, (KRynfEs = elastic modulus of soil (i.eEs = fi x
aei), (KN/mP), 1z = influence factorB = footing width, (mm),qsi = resistance of each
layer, (kN/nf), fi = correlation factort = time, (year), andl; = thickness of the soil
layer, (mm),qc = average cone resistance, (kRyraver an influence depth in the range

of B to 2B below the footing base.

Several researchers suggested correlation factivgebn the modulus of elasticity and
cone resistance without considering the influenéedensity index or other initial

conditions of the sand. Likewise, correlation fastbetween the modulus of elasticity
and cone tip resistance for different sands weggested by Schmertmann et al. (1978)
and Robertson and Campanella (1986) as 2.5 - Byofmg normally consolidated sand,

3.5 - 6 for aged normally consolidated sands, af@ 6r over-consolidated sands.

5.8 Proposed Correlations between Cone Resistance an@tement

of Footings in Saturated and Unsaturated Sands

The proposed relationships fafandf, as functions of the relative density are to beduse
to correlate the cone tip resistangewith the modulus of elasticitys. Bowles (1996)
suggested that the modulus of elastidiycan be determined from CPT results using the
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general form ofEs = C3 + Cs (qc); where,Cz = 0 andCs = 2.5 - 3.0 for normally

consolidated sand. Vesic (1970) suggested Ehatries with relative density according

to the relatiorCs = 2 x (1 +D,?) and used it to correlatg to Es.

The two correlation factorsf: and f were proposed using the database of the

experimental results of both PLTs and CPTs predantéhis study. The form which was

proposed by Vesic (1970) was re-examined usindgti@ratory investigation results. The

constant numbers (i.e.,, 2 and 1 which are refetoeterein asX; and X2) were back

calculated to be used in the correlation relatiggshThe way the correlation factofs,

andf, were developed is presented in Tables 5.11 arifbrisaturated and unsaturated

sand conditions, respectively. The general forrthefproposed correlation factors can be

asfy = X1 x ((D+/100)2 +X2); where:Dy in (%); X1 and X, are constants computed by

iteration process as the measuedalues from the PLTs were known.

Table 5.11 Database used for proposing the coioaléictor,f1

Analysis for saturated conditiofus- uw) = OkPa

B Es Oc (MPa) D (MPa) Es
(mm) (MPa) | 1 easured determined X1 | X2 (MPa) E [estimated
from from based on estimated E [measuret [m easure]:l
PLTs CPTs density usin *
g
from the
test tank f1
1100 1.0 0.118 0.65 1.5 3.0 0.61 0.61
1150 | 1.45 0.27 0.65 1.5 3.0 1.39 0.96
2150 2.9 0.55 0.65 1.% 3.0 2.82 0.97
! Surface square footing maétric suction = 0 kPa AVR 0.85

2 Embedded square footingnétric suction = 0 kP

Thus,fi = 1.5 x (D//100Y + 3) for saturated sands.
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Table 5.12 Database used for proposing the coioaléictor,f.

Analysis for unsaturated conditior{sa- uv) > OkPa

B Es gc (MPa) | D (MPa) Es
mm) | MP3) | measured determined i | . | MP3 | E [estimated
from from based on estimated = [anciioal
E.|measure
PLTs CPTs density usin o ¢
g
from the
test tank f1
100 55 0.565 0.65 1.7 3.76 4.01 0.73
2100 6.75 0.805 0.65 1.y 3.75 5.71 0.85
3150 7.75 0.9 0.65 1.7 3.76 6.38 0.82
4150 111 1.235 0.65 17 3.75 8.76 0.97
5150 10.5 1.2 0.65 1.7 3.75 8.51 0.81
6150 14.4 1.6 0.65 1.7 3.75 11.35 0.79
L2 Surface square footing matric suction = 2 kP)
24 Surface square footing métric suction = 6 kPR AVR 0.85
> Embedded square footingétric suction = 2 kPp
¢ Embedded square footingétric suction = 6 kPp

Thus,f2= 1.7 x (D:/100Y + 3.75) for unsaturated sands with> 50 %, and
f, was also slightly reduced &s= 1.2 x (D//100¥ + 3.75) for unsaturated sands wjth

Dr< 50 %.

The D; for the case of unsaturated sand (i.e., to caletdpcategorized into two groups

as follows:Dr < 50 % andDr > 50 %. TheD; of sands studied in this research typically
vary from 30 % to 65 % (see Figure 5.11).
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Figure 5.11 Comparison between estimated and mssettlement results of two model
footings (PLTSs) in both saturated and unsaturaséeds corresponding to different

applied stress values (proposed technique)
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[ Proposed technique for calculatiBg

v

\ 4

:':':'f : Saturated sand :
. |

Unsaturated sand
If (Ua- Uw) > 0 kPa

[ f,= 1.7 x (D/100f + 3.75) ]

A\ 4

v

[ Es (unsat)= f2 X Qc unsat ]

I
E [ f, = 1.2 x (Di/100¢ + 3.75) ]
#

Es (unsat)

Figure 5.12 Flow-chart to illustrate the proposechnique used for calculating the

modulus of elasticity of saturated and unsaturatetdis
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The proposed correlation factors were found to &l&dvfor large-scale footings (seven
large-scale footings) showing a good comparisonvéen the estimated and measured
settlement values. Robertson and Cabal (2010) ededlthat the reliability of estimating
the D; from CPT is high to moderate; therefore, the mesbsqg. can be used with a
greater degree of confidence to estimate Ehewhich is required in the proposed
relationships in this research. From Tables 5.9 add, it can be seen that the ratio
between the estimatdet from the proposed procedure and measieiom PLTs was

in the range of 80 % to 85 % (underestimated) tmawt for any possible experimental
errors or boundary effects on the cone penetrom&ber matric suctionua - Uy) was not
included in the proposed correlations as its cbation is included in the measuregd
Typically, the higher the matric suction the highevuld be the cone resistancg, The
proposed correlation factors provide a good corsparibetween the estimated and

measured settlement values for the two model fgettasted in this research.

5.9 Validation of the Proposed Technique Using In-SituData from
Literature

In the present study, an effective penetration ldéipe., influence zone, 1Z) is chosen to
be equal to 1B. The average cone resistangeyvr over the depth of 1Bis used in the

analysis of the results.

The influence zone (i.e., a depth of B.som the footing base level) provides reasonable
correlations between average cone resistageand the settlement of sand in both
saturated and unsaturated conditions using theopeaprelationships. Similar influence
zone depth, IZ of 1B was used by Meyerhof (1956) and Schmertmann €18¥.8) to
relate the settlement of spread shallow footingesiimate an average cone penetration
resistance value. The results summarized in Figut8 through Figure 5.15 show that
the settlements estimated using the proposed op&dtips, provide goo correlations for

both for model footings and full-scale in-situ fogs. The proposed relationships in this
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chapter provide better estimations in comparisontii® other conventionally used

methods from the literature.
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Figure 5.13 Typical results of a comparison betwtbenestimated and measured
settlements of two full-scale footing test using gtudies of 1500 mm x 1500 mm and
3000 mm x 3000 mm by Giddens and Briaud (1994)
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Figure 5.14 Typical results of a comparison betwtbenestimated and measured
settlements two full-scale footing test using thalges of 1600 mm x 1800 mm and 2300
mm x 2800 mm by Bergdahl et al. (1985)
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Figure 5.15 Comparison between the estimated arduned settlements of seven full-

scale footings tested in unsaturated sands comegmpto different applied stress values
(Bergdahl et al. 1985, and Giddens and Briaud 1994)
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5.10 Results and Discussion

The correlation factorf: value for estimating reliable settlement behaviotishallow
footings in sands under saturated condition is dotanbe in the range of 4.5 to 5.0 for the
sands evaluated in this study. On the other hamal,correlation factorf, value for
estimating the settlement of unsaturated sands bsdtween 4.5 and 7.5 for the sands
evaluated in this study. The need for using suahda range of> values (i.e., 4.5 to 7.5)
can be attributed to the influence of matric suctan the cone resistancg; values
which contributes to reducing the settlemeditpof sands under unsaturated conditions
(i.e., (Ua - uy) > 0 kPa).

It should be noted that the correlation factadis,and f. values for saturated and
unsaturated sand conditions respectively are degpermoh the relative densit;. In both
cases, the correlation factor increases propoitionvéth an increase in the relative
density,Dr of the sand. These observations are consistehttidt conclusions drawn by
Lee and Salgado (2002).

Estimated and measured settlement values of bahmbdel PLTs conducted in the
laboratory (e.g., surface and embedded PLTs) algdale footings (FLTS) from the
two summarized case studies in the geotechnieahtitre are compared in this research.
The results of the research show that Schmertmaah €1978) method and Meyerhof
(1974) method overestimate the measured settlermahtss by 3 times and 3 to 4 times,
respectively (Figure 5.15(B) and Figure 5.15(C)pyMe and lllingworth (2010) method
provides settlement values of 1.25 to 2 times highan the measured settlement values
(Figure 5.15(D)). Comparisons are provided in Fegbrl5(A) between the estimated
settlementsg using the proposed technique and the other availalgthods for the in-
situ FLTs showing that the error of the estimatetflement is in the range of £ 15 % of
the measured settlement values. However, thesdtseswow reasonable comparison
between the estimated and measured elastic setdemge., for saturated and

unsaturated sands conditions) particularly in e of 0 to 25 mm
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5.11 Summary and Conclusions

The Schmertmann et al. (1978) method is conventionzsed to estimate elastic
settlements in sandy soils from the CPTs resulisguene correlation factor without
regardless of the condition of the sand (saturatathsaturated). Several studies reported
in the geotechnical literature have shown thatetstenated settlements using this method
are typically two to three times higher than theameged settlement values. Two key
reasons associated with the discrepancies may betaduwot taking into account the
influence of matric suction or relative density e&ndy soils. The experimental
investigation performed in this research using nh&dd's showed that the settlement of
shallow footings located above the groundwater etabfte less as the sand is in
unsaturated condition. Simple relationships areppsed in to correlate the cone
resistance to modulus of elasticity using the C@duits. These correlations considered
by modifying the Schmertmann et al. (1978) equatidme modified equation using the
proposed relationships provides reliable estimatéke settlement in the range of 0 to 25
mm (i.e., allowable settlement) for the full-scahesitu shallow footings in sands both
under saturated and unsaturated sand conditiores pidposed CPT-based technique is
simple, reliable and consistent with methods usedettimation of the settlements of
footings in sands by practicing engineers.
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CHAPTER 6

>BEHAVIOUR OF A MODEL FOOTING
SUBJECTED TO SEISMIC LOADING ON
UNSATURATED SAND

6.1 Introduction

The response of shallow foundations of medium te-fige buildings built on in
unsaturated sand deposits during earthquakes @pia which is of interest to many
engineers in academia and practice. Several réspangects were directed to study the
performance of shallow foundations in sandy sorsseismically active areas since the
1964 Nigata earthquake (Seed and Silver 1972, bdeAdbaisa 1974, Finn and Byrne
1976, Tokimatsu and Seed 1987, Rollins and Seed®,199i and Dobry 1997, and
Rayhani and ENaggar 2008).

Liquefaction of sandy soils occurs when the salidly loses its shear strength due to
increase in excess pore-water pressure and deciedbe effective stress. In many
scenarios, large deformations of foundations opsujing structures and pavements are
likely when sands are subjected to seismic loadirguefaction of soils has been a topic
of significant research interest to several ingggtrs (for instance, Terzaghi and Peck
1948, Casagrande 1975, and Vaid and Sivathayal@6)19ypical example of failures
due to liquefaction of saturated sands caused bysBE&king from Niigata in 1964 is

shown in Figure 6.1.

5This chapter is developed based on a paper in @tpa for submission to the Canadian Geotechnical
Journal in 2013.
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Nigatta, Japan, 1964

Figure 6.1 Liquefaction example associated witEgn

(National Geophysical Data Centre, USA)

6.2 Justification of Studying Liquefaction of Sandy Sds

Significant economic losses and human fatalities agsociated with earthquakes, for
example; 1985 Michoacan Earthquake in Mexico (nmtaglei of 8.1 and 9500 casualties),
1989 Loma Priata Earthquake in California (magietof 7.1 and 63 casualties), 1994
Northridge Earthquakes in California (magnitude6d and 61 casualties), 1995 Kobe
Earthquake in Japan (magnitude of 6.9 and 5300attzes), 1999 Izmit Earthquake in

Turkey (magnitude 7.5 and 35000 casualties), ardd) Zarthquake in Haiti (magnitude

of 7.0 and 316000 casualties), (Kramer 1997, NIS¥6] NEES 2004, and Kara and
Gindiz 2010).

Approximately 150 lives were lost in the United t8& since 1975 as a result of
earthquakes (Cutter 2001); the economic lossessanthl disruption associated with
them were enormous (Mileti 1999). The cost of daesagy EQs (e.g., Loma Prieta 1989
and Northridge 1999) in California for example wasthe range of $30 billion. The
damages to civil engineering structures and bugslidue to the increased frequency of
earthquakes (Figure 6.2 summarizes the earthquakee pregions of the world),
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population growth, overcrowding of civil engineggiacilities, and more importantly

lack of understanding of the behaviour of suppgrtoils in general and soil structure

interaction in particular are of concern. Table &t Figure 6.3 summarize the estimated

economic costs and causative mechanisms of damadesuses by NEES (2004) and

Asada (1998), respectively. Due to these reas@sgarch in earthquake geotechnical

engineering has received significant attentionrduthe last 5 decades.

Table 6.1 Economic cost of selected earthquakgean of occurrence (NEES 2004)

Location Year Magnitude *Cost Reference
Nisqually, 2001 6.8 $2.0 University of
Washington Washington
Taiwan 1999 7.7 $20.0 to $30.0 EERI (1999b)
Izmit, Turkey 1999 7.6 $5.0 EERI (1999a)
Kobe, Japan 1995 6.9 $200.0 NIST (1996)
Northridge, 1994 6.7 $30.0 EQE (1994)
California

Loma Prieta, 1989 6.9 $5.9 EQE (1989)
California

*Cost in billions US dollars.
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GLOBAL SEISMIC HAZARD MAP

GFZ . Prod_uced by the Global Se_ismic Hazard Assessmen_t Program (GS!-IAP), T T W
a demonstration project of the UN/International Decade of Natural Disaster Reduction, conducted by the
————— '] -
PoTsbam International Lithosphere Program.
@ Global map assembled by D. Giardini, G. Griinthal, K. Shedlock, and P.Zhang m
1999

Figure 6. 2 Global Seismic Hazard Map (by Giaréinal. 1999)
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Several researchers have studied seismically imbdsettlements of soils (e.g., sands)
(Seed and Silver 1972, Lee and Albaisa 1974, FithByrne 1976, Tokimatsu and Seed
1987, and Pradel 1998). Most of these early studies, ground shaking induced
deformations of sand) were performed in dry condgibecause it was assumed that the
settlement of dry sand is caused by compressiooidf space and represents worst case
scenario (D’Appolonia 1970, Youd 1970, Silver ange® 1971, and Ghayoomi et al.
2013). Seed and Idress (1974) and Pradel (199&)ested empirical relationships from
their studies to estimate the settlement of drydsamder EQ loading conditions. On the
other hand, Lee and Albaisa (1974), Ishihara andh¥oine (1992), Wu and Seed
(2004), Cetin et al. (2009) also studied saturatedds and correlated the measured

volumetric strains after shaking with magnitudeaofumulated pore-water pressures.

Instabiltiy in

retaining wall; 1% Settlement 1n reclamation

of former pond; 1%

Ground cracks; 2% | »
Weak structure; 4%

Causes of damage

to private houses
during 1983 Nihonkai-
chubu earthquake
(after Asada, 1998)

liquefaction;
35%

Differential
settlement; 15%

g

Data trom 9338 houses with damge extent = 50%

Figure 6. 3 Causative mechanisms of damage to balisang 1983 Nihonkai-Chubu EQ
(from Towhata 2008 after Asada 1998)

Whang et al. (2005) and Sawada et al. (2006) testsdturated silty sand in a cyclic

simple shear and a cyclic triaxial apparatus wéisraic input motion, respectively. Their
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studies show that the degree of saturation infladnihe results. Relatively low shear
strains were observed when the degree of saturatitre tested sand was between 30 to
75 %. Eseller-Bayat (2009) used a cyclic simpleasheuefaction box and tested
partially saturated sand specimens with uniformbtributed gas bubbles. The results
show that the number of cycles increased with amesse in gas bubbles to reach
maximum excess pore-water pressure ratio; in otherds this study supports the

observation that the unsaturated sands have highestance to liquefaction comparison

to saturated sands.

60
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O WUa-uy) ~0kPa
T oaod N\ s
E
% 304 ..................... ....................
£ : : z :
2L ' ' Z Z
D Ao N SRR
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1 ; “(ug -uy,) ~ 85 kPa
§ ——0
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Width of desaturation zone, (mm)

Figure 6. 4 Settlement of a model footing on sartti@end of shaking test with respect
to degree of saturation (Okamura and Teraoka 2005)

Okamura and Teraoka (2005) carried out a seriéssté using a rigid box of 900 mm x
300 mm x 600 mm on a shaking table to investigageinfluence of initial degree of
saturation of poorly-graded sand on soil liquefatti Based on their studies, they

suggested injecting air into the soil to keep iummsaturated condition to reduce model
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footing settlement by achieving degree of satumat®< 90 % as shown in Figure 6.4.
However, there is limited research with respecthi® dynamic response of unsaturated
sands supporting shallow foundations (i.e., fod)ngking account of the influence of
the stress state variable, matric suction (Unnd200/hang et al. 2005, and Sawada et
al. 2006).

Physical models used in laboratories are valuable understanding the seismic
behaviour of unsaturated sands. Such studies dernative to expensive field
investigations and can be used to propose numane#thods. Model tests can also be
used as benchmark studies or tools to better utashelrshe influence of matric suction of
the behaviour of unsaturated sands. In other wanasll scale physical models using
shaking tables along with numerical models cambaluable both in understanding and
predicting the response of unsaturated sands wet&nic loading conditions.

The focus of the research work summarized in thegpter is directed to investigate the
behaviour of shallow foundations using a model ifgpt(150 mm x 150 mm) in

unsaturated sand under EQ loading. The key obgsf this research are: (i) to design
and construct a Flexible Laminar Shear Box (FLSB)to understand the behaviour of a

model footing under EQ loading in both saturated ansaturated conditions.

The design and construction of the FLSB, calibregiand performance of the shake table
are described in this chapter. A small-scale mdéoaing (150 mm x 150 mm) used to
imitate a large-scale footing to study the seish@baviour of shallow foundations built

on unsaturated soils.

The experimental work consists of a series of teatsied out on sand under different
saturated and unsaturated conditions. The test®rperd using the FLSB and dl-
shaking table. The behaviour of a 40 kg-model fapdf 150 mm x 150 mm on saturated
and unsaturated sandy soil is investigated andyaeél The sand response to a simple
sinusoidal time-history is studied. The main pugo$ the FLSB is to achieve similar
behaviour as in the field without the interfererafethe boundary effects and also to
overcome the limitation of the capacity of the ¢afale shake table. The obtained results
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from different test scenarios of saturated and wmated sand are presented and analyzed
in later sections of this chapter. The studies shibat the model footing in sand
performed well under EQ loading at matric suctialue close to 6 kPa. The studies
suggest that even low values of matric suctionapillary stresses (i.e., < 5 kPa) lead to

decreased settlement of footings while offeringstasce to liquefaction in sands.

6.3 Background

The response of medium to low-rise buildings witlallow foundations on unsaturated
sand deposits during earthquakes is a topic ofasteto researchers and engineers in
practice. Earthquakes cause a displacement in tledioe to vertically propagating
shear-waves in the shallow layers soil that supparidings and other infrastructure.
Depending on the properties of the soils overlysedrock, the resultant ground motions
caused by the vertically propagating shear-waveg meaamplified at the ground surface
where structures are typically built. During an tkquake, the overall response of
structures on or embedded in soils may signifigabd influenced by the soil conditions
(i.e., saturated or unsaturated). A physical meded used in the current investigation to
simulate the performance of shallow footings omisded and unsaturated sand using the
Flexible Laminar Shear Box (FLSB) and a shake tablstudy the problem described.
The deformations (i.e., settlement and tiltingjted model footing were recorded through
data acquisition system. The recorded data couldudsxl to check the liquefaction
potential of the tested sand during the time peoioshaking. The FLSB was filled with a
sandy soil used in this research program expecfifij shear wave propagation
throughout the soil as the base shear was applieahbMTS actuator. Similar studies
using different FLSB setups and soils were alsa use several investigators (Lin and
Whang et al. 2012, Turan et al. 2008a, and Meymi&8). However, the available data
on seismically induced deformations and liquefactere based on testing dry and
saturated soils respectively. A rigid footing modeé., steel) was constructed at the
University of Ottawa to be placed on top of sandamboth saturated and unsaturated

conditions along with instrumentation to determitlee settlement response and
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liquefaction resistance. Four different series bélking tests were conducted in this
research program under same EQ shaking. The respoinshe tested sand under
saturated and unsaturated conditions were monitaad recorded using three
accelerometers, six Cable Displacement Transdu¢@3Ts) connected to data
acquisition system (DAQS) during the time periodsbéking. Three Tensiometers wrer
used to measure the matric suction. The verticalremizontal deformations of the model
footing, the accelerations on the table and at baphand bottom of the sand as well as
the matric suction values were monitored and rezbrduring the shaking (the shaking
was by a series of sinusoidal waves with a frequensfc3 Hz and a peak ground
acceleration of 0@ m/seé for a duration of 30 to 40 seconds). In additisamples of
the tested sand were collected to check the watetents and the density values. The
results are valuable for understanding the behawdwshallow foundation in saturated
and unsaturated sands. These results are useddtrstand the effect of capillary
stresses (i.e., matric suction) on the liquefactiesistance of sands. The steps followed
in the research program presented in the chaptsinas/n in Figure 6.4 in the form of
flow-chart.
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CHAPTER 6

v

Literature Review of Shake Tables and FLSBs
v

Design and Construction of FLSB on a Shake Tabi®&iermining the Settlement a Model Footing urttigurated

and Unsaturated Conditions

v

Calibration of the FLSB, LVDS, LC, Accelerometerslal ensiometers

Conducting Series of Tests under Saturated andtuhased Conditions Using Sinusoidal Shaking Wave

\ 4 A\ 4

A\ 4

Saturated Condition
(Ua - uy) = 0 kPa

Unsaturated Condition Unsaturated Condition
(Ua- uw) =2 kPa (Ua - w) = 4 kPa

Unsaturated Condition
(Ua - uw) = 6 kPa

Analysis of Results

(Acceleration vs Time, Settlement vs Time and AgpliBase Shear vs Time Relationships)

v

Relating the Obtained Results to the SWCC of tretelceSand

Figure 6.5 Flow-chart to illustrate the researabgpam undertaken in this chapter
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6.4 Literature Review of Shake Tables Studies

Small scale model tests studies using @shake table can be used as valuable tools to
better understand the prototype behaviour takirgpaat of the influence of different
parameters (i.e., strength, deformation, liquefaxti matric suction and soll
amplification) and the process leading to failufg@mtotype structures placed in soils in
real time. Full scale studies however are comptere consuming and difficult to
conduct (Prasad et al. 2004). Figure 6.6 illustratee of the pioneering works in which a
big soil container moves back and forth along akird’he advantage of small scale 1-
shaking table test is that preparation of a modekasier and less time consuming
compared to centrifugal models. Maintenance coshake table setups is lower as well.
One of the limitations with case history studiesg.(i prototype) are that the subsurface
deformation cannot be reliably measured (Towha@8R0This problem is alleviated or

addressed by conducting shaking table tests.

Figure 6.6 Early generation shake table device (Taiev 2008)
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A large soil container shown in Figure 6.7 was ufdconducting liquefaction tests by
Motamed et al., (2009). This container measures 1% length and the soil deposit in the
container has a 4.5 m height. The thickness othsesl was sufficient to claim that the
facility reproduces the prototype stress level. ésalvresearches used shake tables to
understand the failure mechanisms and behaviosanifrated sands (Koga and Matsuo
1990, Kokusho 2003, and Orense 2003). Various tgbeshake tables used by several

investigators are summarized in Table 6.2.

Table 6.2 Shake tables used in previous studies

Dimensions Use | Loading
Shape ' Reported by

wWidth Length in direction

(mm) | (mm)

Square 3600 3600 d- 2-D Thevanayagam et al. (2009)
Rectangular 1000 1100 d- 1-D Kokusho (2003)
Rectangular 1940 2340 d- 1D Ueng and Chen (2006)
Rectangular 2700 2700 d- 1D Saman and Bathurst (2007)
Rectangular 600 1800 d- 2D Prasad et al. (2004)
Rectangular 1220 1220 d- 1D Turan et al. (2009)
Rectangular 1000 1000 d- 1-D University of Ottawa

g = 9.81 m/secZD = direction

6.4.1 Advantages of Shake Tables

The advantages of shaking tables can be summag&aalows:

* They can be uni-directional or multi-directionaput motion.

* Relatively easier for experimental measurements.
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The experimental results can be used to validateenigal solutions.

They are valuable to understand failure mechanisms.

* Amplitude and frequency can be well controlled amehsured.

» Different real earthquake history records can lppbed to the model.

* Shaking table tests are inexpensive compared toifteye devices.

» Shake tables can be used to study behaviour ahfyggbn or embedded in dry,

saturated or unsaturated soils.

6.4.2 Disadvantages of Shake Tables

The disadvantages of shaking tables can be sunedaai follows:

» High stresses that usually exists in the field care simulated.
* Limited base shear capacity and needs expensiggeleydraulic actuator.
* Limited soil mass capacity of small-scale shakéetab

* Cost is proportional with both the size of shak#dgand the amount of the soil.

Figure 6.7 E-Defense large shaking model test mmdhflow of liquefied sand induced
by failure of sheet-pile quay wall (Motamed et 2D09)
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6.5 Review of Laminar Shear Boxes in Literature

Laminar Shear Boxes (i.e., flexible container) @esigned such that they can be attached
to shake tables for conducting tests at eithgrat-at Ng during centrifuge tests. In the
following section, nine different laminar containdesigns are reviewed and their
characteristics are summarized in Table 6.3. Gibd®97) and Prasad et al. (2004)
described single-axis flexible containers fog $eismic tests on shake tables. Single-axis
flexible containers (i.e., 1-D loading) permit mavent in a single axis only and typically
comprise of either rigid guide walls that supparhinae on bearings or laminae that are
stacked on each other separated by bearings. liticadtb the single-axis containers,
Meymand (1998) and Ueng and Chen (2006) providaildebf double-axis flexible
containers for Ig tests. Double axis containers permit horizontatemoeent of laminae in

two principal directions.

The container designed by Meymand (1998) comprides ribbed membrane hanging
from a top ring supported by a frame connectedh® ghaking table using universal
joints. In contrast, Ueng and Chen (2006) desailentainer with laminae supported by

inner and outer frames connected to rigid guiddswal
6.6 Objectives

In OttawaGatineau region, two recent earthquakes of magestt&l0 and 5.2 in 2010
and 2013, respectively contributed to some damaygeésildings and bridges as well as
disruption in services. Such magnitude earthqudisksot occur during the last 65 years.
These earthquakes serve as reminders of the inmgertéor paying more attention

towards the seismic damage potential in Easterrar@ntFoundations may experience
damages mainly due to the amplification of grourthking which may lead to

liquefaction particularly in sand deposits (e.gar® region, Ottawa) if they are not
properly designed.

The primary focus of the research presented inctégpter is to understand the behaviour

of seismically shaken model rigid footing placedaosandy soil using both reduced scale
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physical modeling techniques inglenvironment mimicking an EQ magnitude that might
occur in Ottawa region. In this research, the Fv&B designed and built to conduct four
different scenarios of tests under EQ loading tolgtdeformation of model footing and

liquefaction phenomenon of poorly graded sand unsi&turated and unsaturated

conditions.
The main objectives of the research program presdentthis chapter are as follows:

* To design, construct and calibrate the Flexible ir@am Box (FLSB) with all its

accessories.

* To utilize a small-scale shake table in orderitoutate ground shaking during an
earthquake using a model rigid footing on saturadad unsaturated sand under 1-g

scaling model.

» To investigate both the influence of matric suctamnthe deformation of the model
footing and to check the susceptibility of unsatemasand to liquefaction during

earthquake shaking.

» To analyze and discuss the results using the satémcharacteristic curve (SWCC)

of the tested sand as a tool.

The gathered information and data will be valudablenderstand liquefaction resistance
of unsaturated sands and to suggest suitable proeeébr shallow foundations designed

and constructed in seismically active areas.
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Table 6.3 Laminar shear boxes used in previousesud

Dimensions Use | Loading
Shape Reported by

Width | Length | Height | ™ | direction

(mm) [ (mm) | (mm)

Rectangular 350 900 470 ol- 1-D Gibson (1997)

Rectangular 500 1000 1000 gl- 1-D Prasad et al. (2004)

Circular 2280 2130 §,H) 1-g 2-D Meymand (1998)
Rectangular 1888 1888 1520 g1- 2-D Ueng and Chen
(2006)
Rectangular 254 457 254 - 1-D Van Laak et al.
(1994)

Rectangular 355 710 355 - 1-D Pamuk et al. (2007)

12-Sided 584 500 (D,H) ng 2-D Shen et al. (1998)
Polygon
Rectangular 200 450 325 - 1-D Takahashi et al.
(2001)

Rectangular 450 900 760 ol- 1-D Turan et al. (2009)

6.7 Equipment, Methodology and Procedures Followed in he
Research Program

6.7.1 General

The Flexible Laminar Shear Box (FLSB) was desigf@dthis research program and
built at the University of Ottawa machine shophe first of its kind to test unsaturated
sandy soil under seismic loading conditions tolikst of the knowledge of the author.
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Details are summarized in the following sectionsluding the description and the key
features of the FLSB and the external frame as wsllthe model footing. The
methodology of using the FLSB andglshake table is also presented. Other accessories
and instrumentations which are used in the teginogram, for example, Tensiometers,

accelerometers, CDTs and data acquisition systerbréafly described.

6.7.2 University of Ottawa Flexible Laminar Shear Box (FLSB)

The University of Ottawa FLSB was designed to redine influence of boundaries that
are typically experienced in using a rigid sheax.bithe FLSB is to simulate conditions
of the realistic behaviour of soils as the wavdertion from the side boundary is

weakened greatly due to the relative horizontabdweétion of the laminae.

The FLSB used in this research was constructed &liminum frames, rectangular in
plan, was stacked with a flexible plastic bag iesid create a hollow box that can be
filled with the tested sand. The aluminum ringsvide sufficient confinement and it is
intended that the soil drives them not the othey weund simulating realistic in-situ

scenario of EQ. All the key features of the FLSB summarized as below:

* The external steel frame for this equipment wasstranted using a channel (50 mm x
50 mm section with 8 mm in thickness). The framesh®wn in Figure 6.8. The
purpose of the external frame is to carry the weajhthe FLSB and the shaft rods,
guide rods as well as the bearing brackets. Thghweiarried by the external frame is
transferred to the large supporting beams (150 tangé and 200 mm-web) and then
to the strong R/C floor. The other frame is matisteel channel (400 mm x 400 mm
and 5 mm in thickness) fastened by bolts aboveettternal frame and extended
across the FLSB. This frame is to hold the woodgrage plate used to hang the CDTs
down to the footing to measure vertical deformatiahthe four corners of the footing
(i.,e., NE, NW, SE and SW). The frame is equippethvaidjustable legs so that the
FLSB can be levelled with 3 mm of clearance betwten shaking table and the

lowest laminaBoth the frames are adjustable and can be easiyléel as desired.
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Figure 6.8 External frame of the University of @ttaFlexible Laminar Shear Box

(FLSB)

* A model footing of 150 mm x 150 mm in section afid 3nm in height is also placed

on the soil surface. The bottom surface of the rhddeting was corrugated to

introduce roughness in the footing. The mass ofntioglel footing is 40 kg and the

stress applied to the soil is 17.5 kN/m

* The FLSB dimensions are 800 mm x 800 mm (in plam) @0 mm (in depth) with

provisions for collecting the required data thatluile; deformation, water level in the

Chapter 6-Model Footing under Seismic Loading oisdfarated Sand

178



box and matric suction below the surface footinige FLSB described in this section
(see Figure 6.8 through Figure 6.13), consists dfh@rizontal laminae supported
individually by linear bearings and steel guidesod@he guide rods are connected to
an external steel frame to transfer the load otibre into the ground and reducing the
load applied on the shake table. The FLSB was desditp ensure that each laminae is
sufficiently rigid during shaking tests. The lamenare comprised of solid high
strength aluminum alloy box sections (31.65 mm %63Imm) bolted together (using
adjusting aluminum cubes installed as two per daotina in the NS direction, see
Figure 6.8) form rectangular laminae as shown gufé 6.8 with plan dimensions of
800 mm x 800 mm. Each lamina is supported by twanbb diameter stainless steel
guide rods connected to the outside edge of thekumsing stiff aluminum brackets
(see Figure 6.8). The guide rods feed throughaaxftiction ball bearings per lamina
which are housed in four vertical bearing brackétse bearing brackets are in turn
connected to the external support frame as shoviigare 6.9 and Figure 6.10. The
FLSB is formed by assembling the 24 lamina to famm800 mm high, 800 mm long
and 800 mm wide box with 2 mm of clearance betwé®n lamina to ensure
independent movement. The linear bearing systemmifgersingle-axis movement
parallel to the longitudinal axis of the containgyee Figure 6.10). Table 6.3
summarizes the physical properties of the flexdaetainer and its components.

 Two L-channels are bolted to the four corners ignathe lamina and to prevent
shifting of the lamina during placement of the mlosknd layer in order to place soil
into the flexible box.

* A thick wooden plate of 800 mm x 800 mm x 15 mnibadted to the shaking table.
The wooden plate was sprayed with sand on its cairifa order to prevent sliding at
the soil-base plate interface during shaking. Titerior of the laminar shear box is
then lined with thin flexible latex sheets, whicteypent soil penetration into the gaps
(i.,e., 2 mm) between laminae and provide watertightfinement for cases where
saturated soils are tested. Prior to compactingl sato the laminar container, the
frictional resistance of each lamina was measusiaigua spring balance connected to

the exterior face of each lamina. A flexible plagiag of size of 800 mm x 800 mm x
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800 mm with 0.5 mm in thickness was used to preleaitage of both the soil and

water.

* The ratio between the width of the FLSB and thetlwiof the model footing used in
the study was 5.33 to alleviate the influence ofirfmtary effects in the anticipated
stress bulb zone (Poulos and Davis 1974). The defitie FLSB was deeper than the
expected depth of the stress bulb (i.e.,B1f6 2B) below the model footing.
Considerably larger depth was used such that therueable can be raised or lowered

to vary the matric suction values in soil using dnainage valves.

» Cable Displacement Transducers (CDTs) were condectehe vertical frame and
hanged down to the top of the model footing for sueimg the vertical settlements of
all the four corners of the model footing duringtieg. Another CDT was attached to
the north side of the model footing and extendethéonearby wall of the laboratory
to measure the horizontal deformation. An additid®d@T was connected to measure

horizontal movement of the shake table.

* An MTS actuator which has a loading capacity ofkRfwas used to apply the base
shear to the shake table. A load cell capable oAsméng 14 kKN was mounted
between the MTS actuator and the shake table too.

* Two transparent water supply plastic pipes of 15 mmndiameter were used to
regulate the water supplied to the bottom layethefsoil in the plastic bag inside the
FLSB. The main objective of supplying water isgi@dually facilitate saturation of
the soil. A 50 mm thick layer of clean coarse-saras$ laid on the base area of the
FLSB and a thin geotextile sheet that was placetbprof the coarse-sand to function
as a porous barrier between the fine and coarseegiasand. The objective of this
layer is to facilitate free and gradual movementmvater in the test tank in order to
achieve uniform saturation or de-saturation coodgi as desired by the testing
requirements. Both saturation and de-saturationliions were achieved successfully
in the FLSB using this system.

» Three Tensiometers were installed after saturatimeyceramic tips and located at

different depths.
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Figure 6.13 Two photos of the University of Ottaklaxible Laminar Shear Box (FLSB)
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Thompson bearings were used for the FLSB. The skhafte made of stainless steel bars
of 850 mm long and 15 mm in diameter. The suppgtilocks were custom designed in
the University of Ottawa machine shop. Preliminatédsts on the FLSB were performed
without the sand. It was expected that the madheoFLSB and other connections will
contribute to the inertia of the system. Due t@ tt@iason, a steel frame was designed in

such a way to transfer the weight directly to tloeif of the laboratory.

The FLSB was checked for friction resistance betwt#e shaft rods and the bearings
(while the FLSB is empty) by pulling each laminaiwidually using a spring scale. The
test results show a small force of less than 0R0bas required to move each of the
lamina. The effect of the inertia due to the masthe FLSB (~ 150 kg) was eliminated
by transferring to the ground via external framEse design of external frames used for
the FLSB was consistent with Turan et al. (2009)hesr actuator has a limited base

shear capacity to apply on the shake table.

The flexible plastic bag (0.5 mm thickness; seaifégs.14) which was used to hold the
soil inside the FLSB has small stiffness in comganmito the tested sand and hence its

effect on the movement of the FLSB was negligible.
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Table 6.4 University of Ottawa FLSB components

Component Property Value
Number 24
Laminae Inside dimensions 31 mm x 31 mm
Mass 3.17 kg
Number 4 External 2 Internal
Bearing brackets Dimensions 800 and 10 mm diameter
Mass 3.9 kg external 2.68 kg internal
Guide rods Number 48
Mass 0.78 kg
Number 96
Linear bearings Length 20 mm
Diameter 10 mm
Mass 0.02 kg
Membrane Frictional force per lamina 0.05 kg
Bearings Number 144
Mass 0.04 kg
Adjusting Number 96
aluminum cubes Mass 0.06 kg

Total Mass of the Empty Test Box = 147.97 kg

Model footing Dimensions 150 mm x 150 mm x 300 mm
Mass 40 kg
Soil mass Mass 840 kg
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Figure 6.14 Photo showing the plastic bag in thevélsity of Ottawa Flexible Laminar
Shear Box (FLSB)
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6.7.3 University of Ottawa Shake Table

The shaking table (i.e., earthquake simulatorhatWniversity of Ottawa comprises of a
1-D 1000 mm x 1000 mm table that has featurestefdhdisplacement (i.e., one degree
of freedom as it moves back and forth to repred@nsoil motion during an earthquake).
A hydraulic actuator controlled by a digital contrmodule was used to drive the shake
table. The shake table consists of two rigid speglels (i.e., base and platform of 1000
mm x 1000 mm) with steel C-channels between thens. designed to simulate ground
excitations (i.e., sinusoidal or earthquake shakiagd vibrations to investigate the
performance of shallow foundations in both satuta@nd unsaturated soils. A

photograph of the shake table is shown in Figut8.6.

The digital control module allows simulation of iars types of dynamic displacement
time-histories, including harmonic spectrum and-gitged earthquake records. An
amplifier is used to amplify the low voltages geated by the digital control module to
high voltage signals suitable for driving the shékdgle. The shaking table can efficiently
run in the range of 1 to 17 Hz, with 120 mm displaent limit in each directions and 27
kN base shear capacity.
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Figure 6.15 Photos (a) and (b) from different aadte the University of Ottawa shake
table

6.7.4 Setup Preparation

Figure 6.16 shows the shake table setup used irretbearch program. Figures 6.17
through 6.20 show the instrumentation and the otlenponents used in this research.

The setup mainly consists of the following:

 Two computers

» Signal conditioning and data acquisition systemaDftquisition System (DAQS)
» Shake table

* Flexible Laminar Shear Box (FLSB)

* Hydraulic Actuator

*  Hydraulic pump
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 Load Cell (LC)

* Model footing (40 kg)

* Three accelerometers (29)

* Tensiometers (0 to 90 kPa)

» Six cable displacement transducers (CDTs) (0 tm#9
* Three small cups for soil sampling.

* Hand compactor ( weight of 5 kg)

* Measuring tape, level and a ruler

e Camera
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Figure 6.19 The shake table, LC and actuator

Chapter 6- Model Footing under Seismic Loading ois&furated Sand 194



Recording and Monitoring System

Figure 6.20 Computer and DAQS used for monitoring gecording deformations and

accelerations

6.8 Tested Material

6.8.1 General

Classification of seismic response of soils is emaged for all regions of Canada as per
the National Building Code of Canada (NBCC-2010arl€on University and the
Geological Survey of Canada have applied diffegemaphysical methods to carry out site
classification measurements within the city of @daFigure 6.21 shows a map of the
surficial geology of Ottawa region based on Motaaedet al. (2010) investigations.
Coarse-grained soils (e.g., sands) are widely fomndome regions of Ottawa. For
example, sandy soils in Carp region are suscepibliguefaction during EQ the ground

shaking leading to damages in buildings and othigastructure. Thus, understanding of
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the behavior of sandy soils subjected to EQ loadiogdition valuable for improving

design and construction procedures and guideliRes.this reason, a sandy soil was

chosen for the study undertaken in the currentstigations.
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Figure 6.21 Microzonation map of the surficial gap} of Ottawa (from Motazedian et al

2010)

6.8.2 Properties of Tested Material

The basic properties of the sand used for thenggtiogram is summarized in Table 6.5.

The tested soil is classified as per the USCS aslypgraded sandSP (Figure 6.22)
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which is more susceptible to liquefaction. In aubait the sand can be saturated or

desaturated within a relatively short time period.{24 to 48 hrs).

Table 6.5 Summary of properties of the tested soil

Parameter or Soil Property Value
Average dry unit weightys , KN/m3 16.02

Min. dry unit weight,js (min) , KN/m3 14.23

Max. dry unit weight s max), KN/m3 17.25
Optimum water conteng.w.G % (Standard Proctor Test) 14.6

Void ratio, e (after compaction) 0.62-0.64
Effective cohesiong’ , KN/m? 0.6

Effective peak internal friction angle, (°) 35.3
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6.9 Scale of the Model Footing

6.9.1 Scaling Factors from Previous Studies

Scaling relations are necessary to relate the ssoale studies to prototype (i.e., full-
scale) using theories of small scale model sindétuThe small scale models offer easy
and economical approach for understanding the betiagf soils under dynamic loading
conditions as large scale or prototype studiestiare consuming and expensive. Small
scale models can be used to validate numerical Im@i®l to develop relationships to
interpret or predict the results of full-scale gaatitnical problems, both qualitatively and
guantitatively. Table 6.6 presents the well-knowaling factors (i.e., geometric scaling)
for single gravity dynamic models.
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Table 6.6 Scaling factors fordmodel simulated in a laboratory environment (Megha
1998)

Description Dimension Prototype Model
Stress MLT? 1 14
Length or displacement L 1 Al
Acceleration LT? 1 1

Mass M 1 173
Force MLT? 1 1n3
Time T 1 1412
Frequency 7 1 A2

6.9.2 Design of Model Footing

The results from shake table tests using smalesoabdel footings can be used for
understanding the behaviour of large-scale footimtgnvever, the interpretation of the

results for field applications can be a difficudsk (Al-Karani and Budhu 2001).

Investigators such as Al-Karni and Budhu (2000) @sdkamoto et al. (2012) have used
model footings of 20.9 kg (applied stress of 2006rk?) and 62.7 kg (applied stress of
61.5 kN/nf), and 73 kg (applied stress of 8.7 kNJmespectively for testing sandy soils
under earthquake loading conditions. In this redegrogram, a testing approach that
was proposed by lai (1989) and adopted by Al-Kaeard Budhu (2001) for designing

the model footing under seismic loading was folldwEhe relationship between the load
carried by a large-footing on a cohesionless sud the equivalent load that the model

footing apply on the soil during shake table téstshown in Eq. [6.1] as follows:

Qm = QA [6.1]
where:

Qm = equivalent load on the model footing, kg
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Qp = load on the large-scale (prototype) footing, kg

A = scaling factor

A dead load of 1800 kN has to be applied on antinfsoting (e.g., 1500 mm x 1500
mm) to reach an allowable settlement of 25 mm al samder unsaturated conditions
(Giddens and Briaud 1994). The section of the mdéalgting used in the present study
was 150 mm x 150 mm in order to provide stabilitgd aeduce the possibility of toppling

during the early stages of each shaking test. Tdnssaling factord was equal to 10.

Using Eq. [6.1], the equivalent load on the modealting would be 180 kg. Due to the
limitation of the size of the FLSB as well as tlmited carrying capacity of the shake
table available in the laboratory, a model footofgd0 kg-mass (applied stress of 17.5
kN/m?) was designed. Three masses of steel (in squat®rss) were attached together
as shown in Figure 6.23. A height of 350 mm fa thodel footing was also sufficient

for the undertaken test program.

6.10 Testing Program

The primary goal of the testing program was to meageformation behaviour at
selected locations on the model footing (i.e., Ndtast, NE, North-West, NW, South-
East, SE and South-West, SW, see Figure 6.23) wsligrated Cable Displacement
Transducers, CDTs. Accelerations at three elevatamthe setup (i.e., on the table, at
the bottom of the soil and at the top of the se@W@re measured using calibrated
accelerometers. The FLSB and the shake table wsed along with square model
footings (i.e., 50 mm x 150 mm) to simulate eartiqu ground shaking under both
saturated and unsaturated conditions. The watée tabs raised to the top of the soil
using tubes (made of flexible plastic, refer toUfey 6.14) inside the FLSB to achieve
fully saturated conditions. Calibrated Tensiometeese used to measure the matric
suction in the soil. After achieving desired satedaand unsaturated conditions, the tests
were conducted to determine the relationship batvike settlements, accelerations and
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actuator force as function of time. Figure 6.24vehdhe details of the experimental

program as a flowchart. Table 6.7 provides sumrmétiie tests conducted.

|Footing «
= "
(150 mm x 150 mm

e

Figure 6.23 Measured settlement versus time ofrtbéel footing for saturated condition
(Matric suction = 0 kPa)
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TEST PROGRAM

Simulation of saturated and unsaturated conditions
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Input frequency for all tests = 3 Hz; Input disgatent amplitude for all tests =

Figure 6.24 Flow-chart showing the simulated soiiditions in the FLSB

Chapter 6- Model Footing under Seismic Loading ois&furated Sand

202



Table 6.7 Summary of the tests conducted

Test code  Objective Type of loading No. of tests
Test (1) to simulate saturated condition Sine wave 1
*Test (I) 2o simulate unsaturated condition Sine wave 2
*Test (Ill)  3to simulate unsaturated condition Sine wave 2
Test (IV)  “*o simulate unsaturated condition Sine wave 2

Yua — uy) = 0 kPaZ(ua — W) = 2 kPa(ua — W) = 4 kPa(ua— uy) = 6 kPa; *Test (Il) and
Test (lll) are presented in Appendix (B)

6.10.1 Preparation of the Model Soil in the FLSB

All the tests were performed under identical ihitanditions such that results are not
influenced by changes in density. The relative dgnB: was carefully controlled for all
the tests Dr = 65 %). The density of the tested soil was wedifby collecting soil
samples in aluminum cups for all the tests (se@rEi®.25). The small cups used in the
study had perforations which were placed at difietevels in the box to determine the

variation of water content with respect to the tept

A number of experiments were performed in the tes@nd by simulating earthquake
loading under saturated and unsaturated conditibims.deformations (i.e., settlements)
were recorded during each test. Accelerationsratttifferent locations were monitored
and recorded for comparison purposes. The firdeseaf shake table tests performed
under fully saturated condition (i.e., zero masicction), and the second series of tests
were conducted under unsaturated conditions fagetlttifferent suction values (i.e., 2
kPa, 4 kPa and 6 kPa).
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Figure 6.25 Aluminum cups for soil samples colleati

6.10.2 Selection of Input Frequency and Amplitude

Three shake table tests were conducted at frequeadags of 3 Hz, 4 Hz and 5 Hz for
the same displacement amplitude of 20 mm (10 mrk bad 10 mm forth). To simulate
Ottawa region earthquake with ground acceleratior 0.6y the following parameters
were used as input into the system; the frequdney Hz; amplitude = 20 mm; timez
30 seconds. Figure 6.26 summarizes the sinusoiaia \v@quation (i.e., (= A x sin @

x 1); where: A is the amplitudey = 2t x f is the angular frequencyis the elapsed time
during shaking).
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Figure 6.26 Acceleration versus amplitude of hartabdisplacement for Ottawa region

at different frequencies

From trial tests using the FLSB and the shake tabtethe tested sand, it was found that
an acceleration level of @30 0.4 (at the base of the table) was enough to allow the
movement of the FLSB as per the design specifinatitt was noticed that a frequency
value of 3 Hz provided smooth shaking in comparisotests simulated with 4 Hz or 5
Hz which can be attributed to the difference betwn input frequency and the natural
frequency of the setup. In other words, a frequesfc§ Hz was used as an input in this
research program (for all testes) to avoid appriogchesonance state which might lead
to damaging the instrumentation, if not the ensietup. The entire setup which consists

of the FLSB and the shake table, was used to sitmularst case scenario of an

Chapter 6- Model Footing under Seismic Loading mis&lurated Sand 205



earthquake ground shaking (e.g., sinusoidal wave)fahat might occur in Ottawa

region with peak ground acceleration of ~ 0.42 wfise

For that reason, each shaking test was preparked tmnducted at an input frequency of
3 Hz, amplitude of 20 mm and 30 to 40 seconds appls sinusoidal wave form. The

different tests carried out in this testing program discussed in a later section.

6.10.3 Shake Table Test (I) for Saturated Condition (ua- uw) = 0 kPa)

The water table was slowly raised from the basthefFLSB for saturation through the

bottom layer of the coarse sand (50 mm in thickn&dss technique facilitated escape of
air from bottom to the surface layers of the snilthe box gradually to ensure a fully

saturated condition. The water supply was stoppext ahe water level reached the soil
surface in the FLSB. All Tensiometers recorded zerction values after saturation and
during the testing period. The model footing 150 mim50 mm was gently placed on the
soil surface and the test was conducted for 300tséconds. Samples of sand were

collected before the test started and the resrdtstzown in Table 6.8.

The data recorded on the computer was post-pratessganized and plotted using
Xviewer and using SigmaPlot software, respectiv@lye measured acceleration at the
top of the soil (i.e., ACC TOP, see Figure 6.275Waver in comparison to the recorded
acceleration (i.e., ACC TOP = 65 % of the ACC BOMsee Figure 6.28) due to the
occurrence of liquefaction of the saturated santchvivas observed immediately after
the shaking test was initiated.
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Figure 6.28 Measured accelerations time histotii@bottom of the soil for the test
conducted under saturated condition (Matric suctidnkPa)
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Table 6.8 Data from the tested sand (prior to siggkior AVR matric suction of 0 kPa in
the stress bulb zone (i.e., B)surface model footing using FLSB on Shake Table

Parameter or Property (Test I)

ID(Mm) 2y (kN/M®) 3 (KN/MP) W (%)  OS(%)  (Ua- tn) avr (kPa)

10 19.74 15.95 23.8 ~100 0.0

225 19.74 15.95 23.8 ~100 0.0
1Depth of a tensiometer from the soil surfaitetal unit weight;*dry unit weight;*water content;

degree of saturatiofaverage matric suction in the stress bulb zone.

Figure 6.29 shows the measured force during shatkiagable back and forth by the
MTS actuator which was 1375 N within an input vabfedisplacement amplitude of 20

mm.

Figure 6.30 shows the measured settlements abthiecbrners of the 150 mm x 150 mm
model footing (i.e., NE, NW, SE, and SW). The sstiént was increasing linearly with
time during the shaking for this particular case.(isaturated condition). The increase in
settlement can be attributed to the fact the séaudesl to liquefy soon after the shaking
commenced. The model footing was observed to slewly into the saturated sand. This
sinking of the footing can attenuate the seismidiomotransfer from the soil surface.
These observations were consistent with the comeiasdrawn by Tutunchian et al.

(2011) where excessive settlement was observed.

The model footing tested on saturated sand (iest T) had a 12 mm of settlement (i.e.,

static settlement) prior to shaking.
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Figure 6.29 Measured base shear versus horizastdhdement for the test conducted

under saturated condition (Matric suction = 0 kPa)
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Figure 6.30 Measured settlement versus time ofrtbdel footing for the test conducted

under saturated condition

6.10.4 Shake Table Test (IV) for Unsaturated Condition (ua- uw) = 6 kPa)

Table 6.9 summarizes the key test data collectedglthe tests. Matric suction value of

6 kPa was achieved in the stress bulb zone of tiaehiooting.

The measured acceleration at the top of the seil, ACC TOP, see Figure 6.31) was
close to the input acceleration recorded at theobobf the sand (i.e., ACC TOP = 80 to
85 % ACC BOTTOM, see Figure 6.32) showing small bimgbe spikes. These spikes
can be attributed to dilative response of the samdhere was low confinement at the
shallow depth of the soil. This observation is éstemt with conclusions drawn by Wang
et al. (2012). Liguefaction of the unsaturated sémetric suction = 6 kPa) was not
noticed. This may be attributed to the negligiblerease in the pore-water pressure due

to shaking as the water table was far below thesstbulb zone of the model footing.
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Figure 6.33 shows the measured base shear dumkgnghthe table back and forth by the
MTS actuator. The maximum measured force was 230Qhl8 value is within the
required amplitude of 20 mm as measured from hot&@alisplacement data. Figure 6.34
shows lower settlement values measured in compatgsthe previous tests (maximum ~
2.5 mm) at the four corners of the model footing. iNcrease in settlement was observed
during the shaking confirming that the sand wal istiunsaturated condition (6 kPa)
which has higher shear strength compared to thaque three cases (i.e., 0 kPa, 2 kPa
and 4 kPa). The settlement of the footing on theds@e., static settlement) prior to
shaking was approximately 2 mm. In contrast todtier test results, it was noticed that
the Tensiometers did not change after the test ey and no water was gushing from
both the water supply pipes confirming that no esgeore water pressure was generated
in the unsaturated sand for this particular caskP®). More details about this behavior

are discussed in a later section using the SWCLtaal.

Table 6.9 Data from the tested sand (prior to siggkior an average matric suction of 6

kPa in the stress bulb zone (i.e.,B).Surface model footing using FLSB on Shake Table

Parameter or Property (Test V)

IDmMm) 2y (kNIM)  3p (KNIMY) ‘W (%)  5S(%)  (Ua- ) avr (kPa)

10 18.17 15.94 14 58.2
220 19.27 16.07 20.0 86 4
600 19.74 15.95 23.8 100 0.0

Depth of a Tensiometer from the soil surfaetal unit weightdry unit weight;*water content;

Sdegree of saturatiofaverage matric suction in the stress bulb zone.
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Figure 6.31 Measured accelerations time histotii@top of the soil for the test
conducted under unsaturated condition (Matric sacti 6 kPa)
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Figure 6.32 Measured accelerations time histotii@bottom and of the soil for the test
conducted under unsaturated condition (Matric sacti 6 kPa)
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Figure 6.33 Measured base shear versus horizastdhdement the test conducted under

unsaturated condition (Matric suction = 6 kPa)
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Figure 6.34 Measured settlement versus time offitbéel footing for the test conducted

under unsaturated condition (Matric suction = 6)kPa

6.11 Analysis and Discussion of Results

Past earthquake records show that severe damagssuctfures are usually caused by
EQs with frequencyf in the range of 1 to 5 Hz and peak average amgitati
acceleration of 0¢p(Gopikrishna 2000). In this research programgegudency value of 3
Hz was considered as an input for simulating the db@king. A frequency of 3 Hz
provides a level (i.e., intensity) of shaking asice avoiding the resonance state. Based
on the trial tests, an average double amplitudelisplacement (in the positive and
negative direction) of 20 mm was reasonable withirgout frequencyf of 3 Hz to
simulate an acceleration amplitude of ~gdpproximately. A number of accelerometers
were installed to record the acceleration valuesguaccelerometers (capacity range ~
2g) at two different locations (i.e., bottom and topf) the soil in the FLSB. The

acceleration time history corresponding to thedesgy of 3 Hz and amplitude of 20 mm
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for each test (e.g., saturated or unsaturated tonjliwas measured using the DA

QS.

The maximum applied force recorded during the EQksty tests was in the range of

3000 N which is within the capacity of the MTS aattr.

Liquefaction initiated immediately after shearinQte saturated sand (e.g., Test I). In

unsaturated sands, the liquefaction is achievedite pore air pressure; equals pore

water pressurajy and also equals the total stress,(Unno 2008). As shown in Figure

6.35, the time for liquefaction initiation observedl the sand surface during testing

unsaturated conditions has increased with an iser@f matric suction. For the tests

conducted in sand under unsaturated condition®& dnd 4 kPa, the liquefaction was

observed after 20 sec and 25 sec, respectivelyle T@h0 summarizes the change

matric suction in the stress bulb zone after tis¢stavere completed. Changes of m

s of

atric

suction values are indications of changes in tepaese of the tested sand to the EQ

loading during the duration of shaking.

Table 6.10 Input accelerations at three locationd the range of the applied fo

exerted by actuator for each test

rce

Acceleration Sat. Unsat. Unsat. Unsat.
(m/sed) Test (1) Test (1) Test (l1I) Test (1V)

0 kPa 2 kPa 4 kPa 6 kPa
IBOTTOM 0.50g 0.50g 0.50g 0.45¢g
2TOP 0.25¢g 0.45¢g 0.52¢g 0.40g
Applied force
by actuator 1400-1500 2300-2400 1900-2300 2000-2300
(N)

Liquefaction  Liquefaction Liquefaction No liquefaction

Liquefaction
9 occurred occurred occurred was observed

! Accelerometer located at the bottom of the gdilgcelerometer located at the top of the soil
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The matric suction values for Test (Il) and Te# @decreased as the water in the sand

was squeezed upwards with time leading to the fapii®n (see Table 6.11).

Table 6.11 Changes of matric suction values affietests were completed

Reading of Tensiometer = Reading of Tensiometer

Test # Remarks
before test started after test complotted
Test()  (Ua—uwy)=0.0kPa 0.0 kPa Liquefied
Liquefied
Test(Il)  (Ua—w) = 2.0 kPa - 0.0 kPa ter 20 sec
Liquefied
Test (1) (Ua— uy) = 4.0 kPa ~ 2.0 kPa a
after 25 sec
No
Test (IV) (Ua— Uv) = 6.0 kPa 6.0 kPa . .
liquefaction

(ua — wy) = average matric suction in the stress bulb zdtleeomodel footing

From the experimental results of the undertakeaareh program in this Chapter, it can

be seen that in addition to the cyclic loading kéhg) the excess pore water pressure
generation leads to initiation of liquefaction diettested sand. Several studies which
focus on susceptibility of saturated sands to ligciBon were reported in geotechnical

literature (Terzaghi and Peck 1948, Casagrande,I3d@Bry R. et al. 1982 and Vaid and

Sivathayalan 1996).

In this experimental investigation, the focus wasstudy the model footing behaviour
during seismic loading in unsaturated sandy sdike Tatric suction (i.e., negative pore
water pressure) was measured using Tensiometeosebahd at the completion of the
tests as summarized in Table 6.11. The matric auatalues of test (lI) and Test (lII)
changed from 2 kPa and 4 kPa to 0 kPa and 2 kBpectvely indicating excess pore

water pressure of 2 kPa for the two cases, hemckljgquefaction occurred accordingly.
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Figure 6.35 Liquefaction with time for tests conthecunder saturated and unsaturated
conditions (Matric suction = 0 kPa, 2 kPa, 4 kPd @rkPa)

The model footing on the saturated sand startddngjimmediately after subjecting the
FLSB to shaking. Measured settlements (i.e., ligo&dn induced settlement) of the
model footing were large for the saturated sand (tes, Test ). The settlement of the
model footing during shaking increased with timar @ kPa, 2 kPa and 4 kPa conditions)
due to liquefaction which was caused by the gradonalease of excess pore-water
pressure (and decrease of matric suction in Teshdl Test Ill) between the lower and
upper layers of the tested sand. Because of tHapsel of void spaces in the sand, the
degree of saturation increased and the matricauckecreased leading to reductions in
the effective stress and shear strength (i.e.,rghedulus). On the other hand, measured
settlements of the model footing were small in ¢thee of unsaturated test under 6 kPa
(i.e., Test IV) because the matric suction conteduo inter-particle forces between the
soil grains. A relationship between the measurdteseent with time for the model
footing under different saturated and unsaturateditions under similar EQ loading is

presented in Figure 6.36.
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Figure 6.36 Measured settlement at the centereofabting with time for tests conducted
under saturated and unsaturated conditions (nm&taton = 0 kPa, 2 kPa, 4 kPa and 6
kPa)

The measured accelerations using the acceleromgbeeged at the bottom and top of
the tested sand) and the applied forces (i.e., tlasar) by the MTS actuator for the four
conducted tests (see Table 6.10). The measureteeatten values at the top of the tested
soil were lowered for all conditions (saturatedumsaturated). Such behaviour may be
attributed to the effect of liquefaction which stargially reduced the contact between
the soil grains and lower the effective stress a®slt. Spikes of the acceleration

amplitudes were seen in the unsaturated sand t#sigjing a dilative behaviour of the

sand particularly at the top portions of the sand.

The applied force by the MTS actuator on the bdsbeoshake table during the saturated

sand test was slightly lower in comparison to tipplied forces for the case of
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unsaturated sand tests indicating that the unsatusand was stiffer than the saturated

sand.

The matric suction values (average value within stress bulb zone) before and after
each test (e.g., Test I, Test Il, Test lll, and tTBS are presented in Table 6.10.
Interestingly, in the unsaturated test in Test (tkigre was no change in the matric
suction (6 kPa) from the Tensiometer readings. Suodsponse suggests the importance
and effectiveness of maintaining the soil in an atmsted condition. Figure 6.37
provides a summary of the range of matric suctange between 5.5 kPa to 6.5 kPa (i.e.,
transition zone) which is equivalent to the degreéssaturation of 30% and 60%
respectively. Matric suction value falls within gsrzone is expected to provide sufficient
if not optimum resistance to liquefaction for thedsed sand. The behaviour of the model
footing and the tested sand particularly for T&{dmall settlement and no liquefaction)
can be attributed to the contribution of the masiwtion to the shear strength of the
sand. In the unsaturated sand structure, the \gltdeton (i.e., meniscus or a film of
water) makes the soil grains attracted to eachradbeng the shaking, leading to an
increase of the skeleton stress (i.e., effectiveess). Unna (2008) reported that
unsaturated sand specimens lose their effectiesstinder present cyclic shear loading

when the degree of saturation is approximately 80%.

The soil-water characteristic curve (SWCC) can baddd into three zones namely;
saturation zone, transition zone and residual zsndiscussed in Vanapalli et al. (1996).
Based on the results of this research programna ablow magnitude to no liquefaction
zone can be suggested within the transition zonbigtdighted on the SWCC of the
tested sand (see Figure 6.37). Hence, sandy sitiisawmaintained matric suction range
between 5.5 kPa and 6.5 kPa would dramatically avprthe resistance of the soil to

liquefaction and also reduce the settlement ofifgstduring EQ ground shaking.
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Figure 6.37 Anticipated effective unsaturated ctadizone on the soil-water
characteristic curve (SWCC) of the tested sand

(frequency = 3 Hz and acceleration ~ 0.42 nfjsec

6.12 Summary and Conclusions

During the last few decades there has been an sxéeaffort by several researchers to
address the issue related to liquefaction phenomand seismically induced settlement

of shallow foundations. The focus of the availattedies in the geotechnical literature
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was on saturated soils as these conditions moslyligffer worst-scenarios to sand
liquefaction in practice. Soil liquefaction may deato intolerable deformations
(settlement and/or tilting) that may affect notyotile integrity of a structure built on but
also the performance and the service it provides.

The National Building Code of Canada (NBCC-201(afied five different categories
of soil from Class A, hard rock to Class E, sofil soaddition to Class F which covers
liquefiable soils. Different from saturated soilee unsaturated soils have three phases,
namely, pore water (which is negative), and pore aid solid. In addition, the
mechanical behaviour of unsaturated soils is sicanitly different from that of saturated
soils. However, limited research work was diredimdards the performance of shallow

foundations in unsaturated sands where EQs are®dt occur.

In the research program undertaken in this thasiexible Laminar Shear Box (FLSB)
was designed and used to better understand thevibehaf shallow foundations (i.e.,
footings) particularly on unsaturated sandy sdlsnodel footing of 150 mm x 150 mm
was used to mimic the behaviour of a prototypeifgpsize that is commonly used in the
field. The focus of the research was to simulatéedint saturated and unsaturated
conditions of the tested sand prior to conductegis under EQ loading. Tensiometers
were also used to measure the matric suction vatutdee tested sand. The entire setup
which consists of the FLSB and the shake table, wgesl to simulate an EQ shaking
(e.g., sinusoidal wave form) that might occur ina@a region (model frequency and

acceleration are 3 Hz and peak ground accelerafier0.42 m/seg respectively).

Based on the obtained results and observationkisnrésearch program, the following

conclusions can be drawn:

« The FLSB and the fj-shake table combined assembly formed an econoraiwal
viable equipment to provide valuable insight fordarstanding the behaviour of
shallow foundations built particularly on unsatedatsands in seismically active

regions.
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* The model footing which placed on the saturated (s@i., Test I; performed under
saturated sand conditiqoa - uy) = O kPa) experienced excessive settlement within 5

to 10 seconds due to the early initiation of ligaetifon during the time of shaking.

* The model footing conducted under unsaturated tiongi (Test Il of 2 kPa, Test Il
of 4 kPa and Test IV of 6 kPa) experienced lesdese¢nt in comparison to the
saturated condition. However, the settlement ofrttoelel footing for the 2 kPa test
(i.e., Test Il) was excessive after 20 secondseftest initiation and the soil started
liquefying due to the upward movement of the waédnle. Similar observation was
noticed for the second unsaturated test of 4 kiea (Test Ill), however, within the
stress bulb zone liquefaction was observed aftes&@®nds from the initiation of
shaking. For the case of 6 kPa test (i.e., Testintgrestingly, a small settlement was
experienced by the model footing and no liquefacticas noticed during the entire

period of shaking of 35 seconds.

» During Test Ill and Test IV, the deformations oétimodel footing (settlements) were
not observed when the shaking stopped. This maguseto the strain hardening

behaviour of the sand.

* A range of matric suction value of 5.5 kPa andida (within the transition zone of
the SWCC) can be recommended to be maintained saturated sandy soils in
practice as a ground improvement technique to idedlst reduce liquefaction
potential and seismically induced settlement ofllesihafoundations. In reference to
the capillary tension phenomenon, capillary basrief unsaturated soils can be
applied in engineering practice to take advantdgbe matric suction contribution to
shear strength and resistance of liquefaction fdniewing safe and economical
shallow foundation design.
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* More studies using the same setup and input paeasné&r different types of soils
(e.g., sensitive clay) would be valuable to redeens for better understanding the

contribution towards the challenging area of gemtéxal earthquake engineering.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 General

The bearing capacity equations proposed by Terzd@43) and Meyerhof (1951) for
saturated soils are used in conventional geoteahargyineering practice for unsaturated
soils. Such a practice is considered to be consSeevin approach; however, it some
scenarios the design of foundations would be expendn addition, settlements
estimation in unsaturated soils extending the imxahips such as the Schmertmann et al.
(1978) equation that does not consider the inflaarfccapillary stresses (matric suction)
for unsaturated soils is erroneous. For this reasonthis thesis a comprehensive
experimental research work has been carried ongusodel footings of 100 mm x 100
mm, and 150 mm x 150 mm on sandy soil under s&uirand unsaturated conditions to
understand the bearing capacity and settlementvihaf unsaturated sands using
specially designed bearing capacity equipment (UBRO011). In addition, studies were
also conducted to understand the influence of leapiktresses on sand under saturated
and unsaturated conditions when they are subjdotegismic loads using the Flexible
Laminar Shear Box (FLSB). The resistance of thetetesunsaturated sand to
deformations associated with the liquefaction unsieismic loading was investigated

using a model footing of 150 mm x 150 mm.

Based on extensive investigations, a general fraomiews proposed to interpret the
bearing capacity of shallow foundations for unsatenl sandy soils modifying Terzaghi
(1943) and Meyerhof (1951) equations. Furthermarggmi-empirical model is proposed

for predicting the variation of bearing capacityttwirespect to matric suction using the
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saturated shear strength parametetrsand ¢ and the soil-water characteristic curve
(SWCCQC).

In addition, several cone penetration tests (CPW¥s)e carried out in a controlled

laboratory environment in sand under saturatedusnsaturated conditions. Several SPTs
and PLTs were also performed in-situ in saturated @nsaturated sandy soil at Carp
region in Ottawa. Correlations based on the expantal results are developed between

the SPTs and the bearing capacity of unsaturatetssa

In most cases of shallow foundations design, ithes settlement that is the governing
parameter rather than the bearing capacity, p#atigufor sands. A simple CPT-based
procedure is proposed to estimate the bearing tgpaod settlement of shallow
foundations in saturated and unsaturated conditidhe CPTs results were used for
developing relationships between the modulus doftelity, Es and cone resistance.

These relationships were used to modify Schmertmanral. (1978) equation for

settlement estimation of footings in both saturated unsaturated sands.

In some cases, soils can be subjected to seismadinig in seismically active areas.
Liguefaction is one of the primary reasons thattgbate to intolerable deformations.
Several tests were conducted to understand thevioeinaand mechanism of failure of a
model footing of 150 mm x 150 mm under seismic lnpgdin a sandy soil under
unsaturated conditions. The study suggests thabgerof matric suction of 5.5 kPa and
6.5 kPa, if maintained in the sand, can drasticabuce seismically induced settlement
and liquefaction in sands supporting shallow fouiuahe.

7.2 Summary

The salient features of the research program predem this thesis can be summarized as
below:

Chapter 7 — Summary and Conclusions 234



7.2.1 Laboratory Investigation

7.2.1.1Design and Construction of Bearing Capacity Equipmet

The University of Ottawa Bearing Capacity Equipm@dOBCE-2011) was specially
designed and successfully used for the researajramoto determine the variation of
bearing capacity and settlement of sands with sfme matric suction using model
footings which are interpreted similar to the pliated tests (PLTs). The equipment setup
consists of a rigid-steel frame made of rectangsdation pipes with thickness of 6 mm
and a box of 1500 mm (length) x 1200 mm (width)06@ mm (depth). The test box can
hold up to 3 tons of soil and the capacity of thading machine (i.e., Model 244 MTS
Hydraulic Actuator) is 28.5 kN. The PLTs resultsreveised to develop the proposed
relationships for estimating both bearing capaaitg settlement of footings in saturated

and unsaturated sands.

7.2.1.2Bearing Capacity of Unsaturated Sands from PLTs

The focus of the study presented in Chapter 2 vilexted towards understanding the
influence of three parameters; namely, (i) matucti®n, (ii) overburden stress, and (iii)
dilation, on the bearing capacity of surface andetded model footings (PLTS) in
unsaturated sands. The results show that the lpeadpacity of unsaturated sands is
significantly influenced by all the three paramstein addition, comparisons are
provided between the predicted and measured beeaipacity values using the proposed
semi-empirical equation modifying the Terzaghi (3p4nd Meyerhof (1951) equations.
There is a good comparison between the predictddvaasured bearing capacity values

using the proposed semi-empirical equation.
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7.2.1.3Bearing Capacity of Unsaturated Sands from CPTs

The CPTs are used to determine the bearing capatigpils due to their reliability,

simplicity and associated low costs in conventiogajjineering practice. The CPTs are
also performed in unsaturated soils; however, iflaénce of matric suction towards the
contribution of the bearing capacity is not evaddator taken into account. An

experimental program was undertaken in the UOBCHetermine the bearing capacity
of sand under both saturated and unsaturated comslitising model PLTs and CPTs.
These studies demonstrate that the bearing capzcsgnds was significantly influenced
by matric suction. Based on the studies presemtethis research program, simple
relationships were proposed between CPTs and taenigecapacity of sands for both

saturated and unsaturated conditions.

7.2.1.4Settlement of Footings on Unsaturated Sands Usindé PLTs
and the CPTs

Simple relationships are proposed by modifying $ithmertmann et al. (1978) equation
for settlement estimations of footings (i.B/L ~ 1) carrying vertical loads in saturated
and unsaturated sandy soils. The modified methatkv®loped using model plate load
tests (PLTs) and cone penetration tests (CPTs)ltsesonducted in saturated and
unsaturated sand in a controlled laboratory enwi@mt. Seven in-situ large-scale
footings tested under both saturated and unsatuaaditions in sands were used to
validate the proposed technique. The results osthéy are encouraging as they provide
reliable estimates of the settlement of shallowtifags in both saturated and unsaturated

sands using the conventional CPT results.
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7.2.2 Field Investigation

7.2.2.1Bearing Capacity of Unsaturated Sands from SPTs

The in-situ bearing capacity of sandy soils is @rtionally determined or estimated
using the plate load tests (PLTs), cone penetrdagsts (CPTs) or standard penetration
tests (SPTs). The contribution of matric suctiorwaods the bearing capacity of
unsaturated sands is, however, not estimated fhasettests. As a part of this research
program, several SPTs and PLTs were conducted nd saOttawa, Canada under
saturated and unsaturated conditions to demonghateontribution of matric suction on
the bearing capacity results. In addition, relatlops were proposed to estimate the
bearing capacity of sands under both saturateduasdturated conditions from the SPT
and CPT results. Comparisons were provided betwbenmeasured and estimated
bearing capacity values for three different sandsgithe model PLTs, large-scale
footing load tests (FLTs), CPTs and SPTs data fthenliterature using the proposed
relationships. The results of the studies sugdest the proposed simple relationships
were reliable and can be used in the estimatiahebearing capacity of both saturated

and unsaturated sands.

7.2.3 Investigation of the Behaviour of a Model Footing on

Unsaturated Sand Subjected to Seismic Loading

Shallow foundations in saturated sands or sands neiatively high degree of saturation
when subjected to earthquake loading conditions tiguefy due to the loss of the
effective stress. A reliable, economical and effectvay to understand the mechanisms
leading to liguefaction in both saturated and wrsdéd sands can be determined using
Flexible Laminar Shear Box (FLSB) filled with sawth a shake table. A FLSB was
specially designed, constructed and assembled eatUthiversity of Ottawa for this

research program. The FLSB was used to better stahet the behaviour of shallow
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foundations (i.e., footings) particularly on unsated sandy soils as it has provisions for
collecting the required data such as the deformatwater level in the box, matric
suction below the surface footing, and density amder contents. Tensiometers were

also used to directly measure the matric suctidnegin the tested sand.

A model footing of 150 mm x 150 mm with a mass 6f kg was used to mimic a
prototype footing size. The sand in the FLSB weast aturated and the water table was
then lowered to a different level of depths frone ®pil surface to simulate different
scenarios of saturated and unsaturated conditielesvito model footing. The results of
the study show that capillary stresses (i.e., matuiction) offers significant resistance to

both settlement and liquefaction of the tested wmated sand.

7.3 Conclusions

Based on the research program presented in thsgsttibe following conclusions can be
drawn:

I. Bearing Capacity Equipment (UOBCE) was designedlanid at the University of
Ottawa to carry out surface and embedded PLTs ih saturated and unsaturated
sand in a controlled laboratory environment. A sempirical equation was
proposed to estimate the bearing capacity of fgstim saturated and unsaturated
sands with respect to variations of matric suction.

ii. Empirical correlations were proposed between tharibg capacity of shallow
foundations and CPTs and SPTs data conducted oratry and in-situ in sand
under saturated and unsaturated conditions.

iii. Simple relationships were proposed by modifyinge®aetimann et al. (1978) CPT-
based equation for settlement estimation of fostinging PLTs and CPTs data in
unsaturated sands.

iv. The studies show that even low values of capil&rgsses (i.e., matric suction in
the range of 0 to ~ 6 kPa) increase the bearingaigpby two to four folds, and
also significantly decrease the settlement of fayi
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V.

Vi.

Vii.

7.4

Flexible Laminar Shear Box (FLSB) was designed @ntstructed at the University
of Ottawa and placed on a shake table to simuladeuaderstand the behaviour of
footings in both saturated and unsaturated sotdkeuseismic loading.

It was observed that the matric suction has a detfect on the performance of the
model footing and the tested soil when they arejestibd to seismic loading
conditions. Experimental studies demonstrate thattested sand in unsaturated
condition (with a matric suction value between %Ba and 6.5 kPa) offers
significant resistance to liquefaction. The expemtal results also suggest the
measured settlements of the model footing duringting under unsaturated
conditions were much lower in comparison to tesidem saturated conditions. The
settlements in the present study for Test | (0 kiPa) Test IV (6 kPa) at thd'Sec

of shaking were 6 mm and 1 mm, respectively. Theseents for Test | (0 kPa)
and Test IV (6 kPa) after fGec of shaking were 20 mm and 2 mm respectively.
The studies summarized in this research programpramaising and encouraging as
they not only provide reliable and simple tools iferpreting the bearing capacity
and settlement behaviour of shallow footings inhbeaturated and unsaturated
sands but also enhance our understanding of thevimeh of shallow foundations

subjected to seismic (i.e., EQ) loading conditions.

Limitations of the Research Undertaken in this Thes

Limited experimental investigations were undertaketh in laboratory and in-situ
environment using three model footings (i.e., 10@ m 100 mm, and 150 mm x
150 mm, and 200 mm x 200 mm).

Full-scale footing tests were beyond the scopehefpfresent thesis. Also, there
were no full scale tests that were reported inggetechnical literature with in-situ
variations of matric suction with depth to analytae results using the relationships

proposed in the present study.
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7.5

The experimental program to study the influencenatric suction on settlement

and liquefaction was carried out using one modelifgy using sand.

More in-situ experimental studies are required dbdate the proposed techniques

before extending them into engineering practice.

Proposed Future Studies and Work

The research program undertaken in this thesis sttbat the bearing capacity,
settlement and liquefaction of unsaturated sand® webstantially influenced by
matric suction. These studies are promising toilstebinfrastructure failure in

liquefaction prone regions by maintaining capillatyesses within a depth zone of
1.5 times the width of shallow foundations. Capylldarriers can be used around
the foundation in sandy soils to maintain unsaagatonditions to alleviate the
problems associated with liquefaction; however, enexperimental and numerical
modeling studies will be useful to understand tinengths and limitation of using

capillary barriers as a ground improvement techeiqu

More cone penetration tests (CPTs), standard paiweirtests (SPTs), and large
scale plate load tests (PLTs) in-situ are requicegrovide comparisons with the
predicted/estimated bearing values and settlemeh&wbour using the proposed

framework presented in Chapters 2 through 5.

More studies using different types of soils areursgf to validate the relationships
proposed for estimating bearing capacity and se#id of shallow foundations

built in unsaturated soils.

More studies using larger FLSB and shake tablenerstand the influence of
many other parameters such as the depth, widthshage of the foundations in

several coarse- and fine-grained soils will be ahla.
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* The testing program conducted in this researchguséak ground acceleration (i.e.,
0.42 m/set with a frequency of 3 Hz) which represents woistec scenario may
occur in Ottawa region; however, it would be valeao check the performance of

model footings under lower accelerations values #ma commonly encountered
more frequently.
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APPENDIX A

A.1 SAMPLE CALCULATION

A sample calculation of the sleeve friction alohg tinfluence zone applying equation
[3.5] (for AVR matric suction of 6 kPa along a demif 150 mm as shown in Figure 3.5
in Chapter 3) wittk equal to 1 is summarized below:

16x 015

Qfus = 035( ) (0.01885) +| (0.6 (058)(tan26} ](0.01885) )= 004kPa

By substituting the value of sleeve friction from.§3.6] in Eq. [3.3], (in Chapter 3) the

sleeve friction can be determined:

_Qfus_ 004 _, om0
A 001885

fs

Qt =Qc +Q1us [3.7]

where:

Q:: total applied force (taken by sleeve and conl), k

For the experimental results conducted in thisaede the average measured applied
force, Q@ at a depth of 150 mm is 2.09 kN. Using Eq. [3iA] Chapter 3), the applied
load on the cone can be determined as 2.05 kN.uBgtsuting the value o). value
back in Eq. [3.2] (in Chapter 3), the cone resistag: can be estimated.

= Q = 205 =162MPa
A, 0001241000

e
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APPENDIX B

B.1 TEST Il and TEST I

6.13.1 Shake Table Test (Il) for Unsaturated Condition (ua- uw) = 2 kPa)

The soil in the FLSB was first saturated as dediaithethe earlier section. The water table
was then lowered to a different depth from the sailface to achieve matric suction
values recorded by the Tensiometers of 2 kPa.spaitimens from the small aluminum

cups were collected and data and results are pgessenTable B.1.

Figures B.1 to B.4 present the measured accelaratitues, base shear versus horizontal

displacement and measured settlements

The measured acceleration at the top of the seil ACC TOP, see Figure B.3) is close
to the input acceleration recorded at the bottorthefsand (i.e., ACC TOP =90 to 95 %
ACC BOTTOM) due to the initiation of liquefactiorf the unsaturated sand as the pore-
water pressure increased due to shaking The retdodee during shaking the table back
and forth by the MTS actuator which was 2200 N imitthe required amplitude of 20

mm as measured in the horizontal displacementRepae B.4). It can be seen that the
settlement was increasing almost linearly with ticwging the shaking. The settlement
(see Figure B.5) was not increasing during the Giygsles of shaking due to the fact the
sand was still in a state of unsaturated condi{®rkPa). Such a behaviour can be
attributed to the higher shear strength for thisec@.e., Test 1) compare to the previous
case (i.e., saturated condition; Test I). It wasced that the sand started to liquefy after
the 3" second of shaking. The amount of water seem tease at a rapid rate on the soil
surface. The model footing was gradually sinkingthe sand as the liquefaction was
propagating upwards the time shaking period enbs. skettlement of the footing when it

was placed on the sand (i.e., static settlement) pmor to shaking was 8 mm

approximately. The water was seen gushing (aftes&2®nds of shaking) from both of
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the water supply pipes confirming excess pore wattessure in the sand. In addition, the
reading of the Tensiometer located in the vicimtythe stress bulb of the model footing

indicted zero matric suction at the end of the &est.

Table B. 1 Data from the tested sand (prior to slggkfor an average matric suction of 2

kPa in the stress bulb zone (i.e.,B).Surface model footing using FLSB on Shake Table

Parameter or Property (Test Il)

ID(Mm) 2y (kN/M®) 3 KN/ W (%)  OS(%)  (Ua- Un) avr (kPa)

10 19.54 0.64 21.5 89 2.0
220 19.72 0.625 23 98 1.0
600 19.74 15.95 23.8 100 0.0

Depth of a Tensiometer from the soil surfaitetal unit weight;*dry unit weight;*water

content;’degree of saturatiofaverage matric suction in the stress bulb zone.
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Figure B. 1 Measured accelerations time histothatottom of the soil for unsaturated

condition test (matric suction = 2 kPa)
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Figure B. 2 Measured accelerations time histothatop of the soil for unsaturated

condition test (matric suction = 2 kPa)
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Figure B. 3 Measured actuator versus horizontgllacement (matric suction = 2 kPa)
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Figure B. 4 Measured settlement versus time ofrtbdel footing for saturated condition

(matric suction = 2 kPa)

6.13.2 Shake Table Test (lll) for Unsaturated Condition (uUa- uw) = 4 kPa)

The procedure detailed in the previous section3(&)lwas followed to simulate average
matric suction of 4 kPa in the stress bulb zonthefmodel footing. Data from the tested
sand and results are presented in Table B.2. BdBre to A.8 that show the measured

acceleration values, base shear versus horizosfdhdement and measured settlements.

The measured acceleration at the top of the seil, ARCC TOP, see Figure B.6) was
close to the input acceleration recorded at theobobf the sand (i.e., ACC TOP = 90 to
115 % ACC BOTTOM) showing large amplitude spikebeS3e spikes can be attributed
to dilative response of the sand as there was tmviirtement at the shallow depths of the
soil. This observation is consistent with the restgported by Wang et al. (2012).
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The initiation of liquefaction of the unsaturatednd an increase in the pore-water
pressure associated with the shaking was obsefterd24 seconds of shaking initiation.

The measured force during the back and forth sigaéfrthe table by the MTS actuator

was 1600 N within the required amplitude of 20 nffiig@re B.7). The settlements were
measured at the four corners of the model footlhgan be seen that the settlement
(Figure B.8) was increasing almost linearly wittm&i during the shaking. The settlement
was not increasing during the first cycles of shgkilue to the fact the sand was still a
state of unsaturated condition (4 kPa) which hahdr shear strength compare to the
previous case (i.e., 0 kPa and 2 kPa). Then, the sarted to liquefy after the 5th second
of shaking. The model footing was sinking in th@das the liquefaction propagates
upwards. The settlement of the footing when it véesced on the sand (i.e., static
settlement) and prior to shaking was 4 mm approtetgalt was noticed that the matric

suction dropped to zero after the test completaedaddition, water was also gushing
(after the 20 second of shaking) from both of tretew supply tubes confirming excess

pore water pressure in the sand.

Table B. 2 Data from the tested sand (prior to slggkfor an average matric suction of 4

kPa in the stress bulb zone (i.e.,B).Surface model footing using FLSB on Shake Table

Parameter or Property (Test Ill)

D(mm) 2K (kN/M®) B (KN/MD) W (%)  °S(%)  %(Ua- Uw) avr (KPa)

10 18.75 15.85 18.33 75.33 4.0
220 19.20 16.07 19.5 83.25 2.0
600 19.74 15.95 23.77 100 0.0

!Depth of a Tensiometer from the soil surfaitetal unit weightdry unit weight;*water
content;>degree of saturatiofaverage matric suction in the stress bulb zone.
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Figure B. 5 Measured accelerations time histothatottom of the soil for unsaturated

condition test (matric suction = 4 kPa)
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Figure B. 6 Measured accelerations time histothatop of the soil for unsaturated

condition test (matric suction = 4 kPa)
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Figure B. 7 Measured actuator versus horizontglacement (matric suction = 4 kPa)
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Figure B. 8 Measured settlement versus time ofitbdel footing for saturated condition

(matric suction = 4 kPa)
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