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1. Introduction and Research Objectives

1.1 Introduction

Per the 2007 AASHTO bridge specifications, a systematic means for the calculation of
bearing stresses and settlements of shallow foundations supporting bridge piers and
retaining walls in light of load resistance factored design (LRFD) was identified (Paikowsky
et al. 2010). As the process is iterative between bridge design team, which contains the
structural engineering group, and the geotechnical engineering branch, who analyze the
foundation systems, a series of design charts and spreadsheet solutions for selecting and

optimizing the foundation sizes were deemed necessary for implementation.

For shallow foundation systems, the magnitude of foundation displacements increases
with the applied loading and bearing stresses, thus consideration of the current factor of
safety (FS) should be given. The success of the predicted foundation response depends
upon a number of different factors, each of which can be quantified in terms of their
reliability, uncertainty, and accuracy. Important factors can include: foundation size and
shape, analysis method, input data, geologic setting, and other variables. On the
geotechnical resistance side, the site exploration phase can obtain data using: (a) soil
borings with SPT N-values; (b) cone penetrometer testing (CPT) with up to 3 or more
continuous electronic readings with depth; and (c) flat plate dilatometer testing (DMT)

that provides 2 pressure measurements at 20-cm vertical depth intervals.

Foundation settlements can be assessed using a variety of different methods, including

theoretical (e.g. elasticity solutions; spring models), empirical/statistical approaches, and



numerical simulations (e.g., finite differences, finite elements). In our experience, the
utilization of elastic continuum theory provides a sound and rational framework that
permits the consideration of all foundation sizes, shapes, and various ground conditions,
including homogeneous, finite/infinite, and layered media (e.g. Harr 1966; Poulos & Davis

1974; Mayne & Poulos 1999, 2001; Das 2011).

1.2 Geology of the state of Georgia

The state of Georgia is composed of four separate geologic areas, as illustrated by Figure
1.1: Piedmont; Blue Ridge, Coastal Plain, and Valley & Ridge/Plateau. As such, the natural
soils and rocks, as well as compacted fills made from native geomaterials in these regions,
can behave somewhat differently from each other. We can group the Appalachian
Piedmont and Blue Ridge together due to their similarity. Here, the ground is underlain
by residuum derived by the in-place weathering of metamorphic and igneous bedrock.
Primary rock types include gneiss and schist, with later intrusions of granitic formations.
The residual soils are often found to be silty, ranging from micaceous fine sandy silts to
silty fine sands, that transition with depth to saprolites, partially-weathered rocks, and

bedrock refusal.
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Figure 1.1 Geology of the State of Georgia

In contrast, the Coastal Plain consists of various marine sediments that were deposited in
various times ranging from very old Cretaceous to Miocene to recent Holocene ages,
including complex interbedding of clays, silts, sands, and gravels. Finally, the Valley &
Ridge/Plateau include sedimentary type bedrocks (shales, limestones, sandstones) that
have also produced a clayey to sandy type residuum cover, as well as karstic terrain,

sinkholes, and caves (Weary, 2005).

1.3 Research Objectives

The project will provide a methodology for the sizing of spread footing foundations for
GDOT bridge structures and retaining walls which address AASHTO design
recommentations in computing bearing stresses and settlements by changing from
Allowable Stress Design (ASD) to Load Resistance Factor Design (LRFD), as discussed by

Sargand & Masada (2006), Samtani et al., (2010), Paikowski et al. (2010), and others.



The main research objective was to create training documents and excel spreadsheets to
allow the use of standard penetration tests (SPT), cone penetration tests (CPT), and/or
dilatometer test (DMT) data, as well as specific foundation information, as input to
generate the necessary bearing capacity and settlement calculations and graphs in
accordance with LRFD guidelines and supporting AASHTO, NCHRP, and FHWA
documentation. The focus and applicability were directed for foundations on granular
soils and/or soils exhibiting drained behavior, since less than 1% of shallow foundations

for highway bridges are placed on clay soils (Paikowsky et al. 2010).

The two LRFD criteria (limit state and service state) are used to develop graphs of applied
foundation stress (factored bearing capacity) versus footing effective width at various
adopted settlement tolerances for a given foundation length (L) or rectangular distortion
(L/B ratio) of shallow footings. Three different output formats can be generated for the
bearing capacity (BC) versus settlement design chart: (a) bearing capacity vs. effective
footing width for different settlement values at constant length (L) value, (b) bearing
capacity vs. effective footing width for different settlement values at constant rectangular
distortion ratio (L/B), and (c) bearing capacity vs. settlement chart for different footing
width values at constant L/B ratio. Separate spreadsheets for different site-specific input

data (SPT, CPT, and DMT) were developed.

1.4 Prior Efforts and Recommended Procedures

Elastic theory provides the primary and accepted solutions for the calculations of stresses

beneath shallow foundations and the associated displacements (e.g. Harr 1966; Gibson



1967, Fraser & Wardle 1976, Poulos & Davis 1974). In fact, the well-known Schmertmann
(1970) CPT procedure for footing settlements, as well as his DMT methodology
(Schmertmann 1986), both utilize elastic theory as the basis for settlement calculations.
Elastic solutions also provide a common basis for evaluating pile load tests and load-

displacement and axial load transfer distributions (Niazi & Mayne 2012; Niazi et al. 2014).

The use of the DMT modulus within an elastic continuum framework has shown to be
quite successful in forecasting foundation settlements in the Piedmont residual soils (e.g.
Brown & Mayne 2012; Mayne 2005). In the Piedmont, the DMT modulus has also been
related to both the SPT Ngo value (Mayne & Frost 1988; Mayne & Brown 2003) and to
measured CPT resistances (Mayne & Liao 2004). The measured shear wave velocity (Vs)
of the ground has also been shown to provide a fundamental stiffness that is important
in foundation deformation problems (Burns et al. 2008; Mayne & Poulos 1999; 2001;

Elhakim & Mayne 2008).

In coastal plain deposits, the use of elasticity theory is also warranted, albeit perhaps
fewer case studies of actual foundation measurements have been published and reported
in Georgia, primarily because the majority of the state population is located around

Atlanta that lies within the Piedmont geology.

An alternative approach to elasticity theory that has become attractive is the
development of direct in-situ methods that are derived from full-scale foundation
response (i.e., load-displacement-capacity) which are then statistically related to the SPT,
CPT, DMT, and/or Vs measurements (Mayne 2007; Viswanath & Mayne 2012, Uzielli &

Mayne 2012; Mayne et al. 2012; Mayne & Woeller 2014).
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Supporting materials from NHI, FHWA, and other state DOTs recommend that

calculations including graphs be prepared by the geotechnical engineer that will display

the varying bearing stresses, foundation sizes, and settlement criteria for each foundation

element. There are many forms to display the BC-settlement-footing size design charts.

Figure 1.2 presents a schematic of bearing resistance contours as a function of effective

footing width for different settlement values (1s, 2s, and 3s) combining both strength limit

state and service limit state criteria. Alternatively, Figure 1.3 presents a schematic of

bearing resistance contours as a function of expected settlement value for different

effective width values (B’x1, B2, B't3, and B’sa).

&
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4
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Figure 1.2 Schematic Bearing resistance chart showing strength limit state and service
limit state criteria as a function of effective footing width (Samtani et al,, 2010)
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Figure 1.3 Schematic alternative bearing resistance chart in format of stress vs.
settlement curves for range of effective footing widths and settlements
(Samtani et al, 2010)

Prior efforts by other DOTs concerning AASHTO LRFD design of shallow foundations have
been reviewed, including documents prepared by AZDOT (as shown in Figure 1.4), and
MnDOT (as shown in Figure 1.5), as well as DOTs from OH, WA, CA, SC, and MO.
Preliminary graphs of applied bearing stress versus effective footing sizes and foundation

settlement have been prepared for granular soils (sands) to address LRFD criteria.

For the case of footings bearing on clays and fine-grained soils with time-dependent
behavior, a case-by-case study is recommended since the expected performance of the
foundations under drained primary consolidation settlements may also be accompanied
by time-rate-of-consolidation, as well as possible undrained distortion displacements and

considerations of long-term creep.
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Figure 1.4 Excerpt from AzDOT Design Manual (ADOT SF-2, 2010)

Exception to the above would be for the residual soils of the Piedmont and Blue Ridge geologies
since these are comprised mainly of fine sandy silts (ML and MH) to silty fine sands (SM), and
occasional clayey sands (SC), sometimes used with a modified type of USCS symbols, i.e. SM-ML.
These residual soils behave essentially under a drained response (or partially drained response)
during foundation loading because the coefficient of consolidation (c,) and permeability (k) are
sufficiently high such that undrained behavior is not experienced under normal rates of
construction. Details on the interpretion and behavior of Piedmont soils have been documented

by Mayne et al. (2000), Mayne & Brown (2003), and Brown & Mayne (2012).
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2. Bearing Capacity of Shallow Foundations

Foundations must be designed to preclude ultimate collapse or failure of the soil under
loading. For a vertically-loaded foundation, an ultimate stress condition exists. The
maximum force is referred to as the bearing capacity which is associated with full
mobilization of the shear strength of the underlying soil along a prescribed failure surface.

In Load Resistance Factored Design (LRFD), this is termed as "limit state".

Theoretical solutions of the "limit state" or geotechnical bearing capacity problem have
been developed using upper and lower bound plasticity theorems, limit equilibrium, and
cavity expansion theory, as well as numerical modeling simulations. Depending upon the
specific assumptions made regarding the soil stress-strain characteristics, drainage
conditions, rate of loading, boundary conditions, initial stress state, homogeneity,
uniformity, or layering, a number of different solutions have been generated and
published in the geotechnical literature.

In the presented section, the general shear solution used in conventional practice is based
on limit plasticity theory and set of solutions as summarized by Vesi¢ (1975) with the
following assumptions: plastic equilibrium, plane strain conditions, soil above the
foundation level is surcharged, and the general failure zones can be presented as active
Rankine, radial shear (Prandtl), and passive Rankine zones as presented in Figure 2.1.
The form of the general bearing capacity equation has three main components:

qn = C'Nc +%'B'V'Nv + ovo"Nq [2.1]

ultimate bearing stress = cohesionterm + unit weightterm + surcharge term

11



where c is either the undrained shear strength (sy) in total stress analyses (TSA) or
effective cohesion intercept (c') in effective stress analyses (ESA), ow' = effective
overburden vertical stress, B = foundation width (i.e., smaller dimension for rectangular
foundation, or d = diameter of equivalent circular foundation), y = average bulk or
effective unit weight of the soil (depending upon the prevailing groundwater conditions),
and the N terms are bearing factors that are functions of the foundation shape and
effective stress friction angle (¢') of the soil. Specifically, the corresponding respective
bearing capacity factor terms are those for cohesion (N¢) defined by Prandtl (1921), self
weight (N,) defined by Vesi¢ (1975), and overburden or surcharge (Ng) defined by Reissner
(1924). The equations defining the bearing capacity (N) factors are presented in Table 2.1

and plotted in Figure 2.2 as a function of the effective friction angle (¢') of the soil.

Q = force
B = footing width g = stress
D; = footing € 3 PRiF i
.L. = Foundation Level
__embedmentdepth ¥ b ¥ § § §§] To=roundation tevel 3
/9, 2 »”
' Ill \\ Zonel ,/' \\\ Z m L 4
SV /! 3 (Active Wedge)’ ! e e
. Zone lll / N y ko (Passive Wedge) .~
. (Passive / h¥ / X o
4 \ / Ay ”’
‘\\\Nedge),,' Zonell ™ /. Zonell %\ > B=zone
N \ / \ /’
‘\\\ 'Il (!Jrandtl \\\ ,/' (Prandtl \\\ ,// Of interest
“~.Radian Shear) _X*{_ Radian Shear) _--”

Figure 2.1 Geometry of failure zones beneath foundation as per Vesi¢ limit plasticity
solution (1975)
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Table 2.1 Bearing Capacity Factors for strip footing: Nc (Prandtl, 1921), N, (Reissner,
1924), and Ny (Vesic, 1975)

Type Friction Cohesion Unit Weight
Factor Analysis | Angle Term (N,) Term (Ny) Surcharge Term (No)
Bearing TSA
' = 2+ 1.
Capacity ¢'=0 n n/a 0
Factors ESA . \ , , .
Ne, Ny, No $'>0 | (Ng—1)cotd' | 2:(Ng+1)-tan ¢' | exp(r-tan ¢')-tan?(45+ ¢'/2)

Notes: n/a = not applicable; TSA = total stress analysis (e.g., "undrained" loading); ESA =

effective stress analysis (e.g., "drained" loading).

1000
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Figure 2.2 Bearing Capacity Factors (Ng, N, N,) for Spread Footing Foundations

(plane strain case for strip footing)

The bearing capacity terms (Ng, N¢, Ny) must each be modified to account for a number

of additional factors, as specified in AASHTO (2008), including foundation shape
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(rectangular distortion ratio L/B), embedment depth (Ds), groundwater depth (Dw), and

load inclination. This results in:

n=C*Ngn + 05y BNy, - Cpy + YV Df * Ny - Cyq [2.2]

where Cwq and Cwy are correction factors to account for the buoyance effect of the

groundwater and can be defined using Table 2.2 following AASHTO (2014).

Moreover, one should also consider the possibilities of groundwater table fluctuations
over the life of the structure. That is, if the footing is located near a river, lake, coastal
region, or high groundwater, a raised water level or flooding may occur at some time in

the future and that prospect should be analyzed as the worst case scenario.

Table 2.2 Coefficients Cwq and Cw, for Various Groundwater Cases (AASHTO, 2014)

Modifier f h Modifier for fricti
Depth to water table, D odi u-t_-r or surcharge odi -|er or friction
bearing term, Cuq bearing term, Cuy
Dw £0 0.5 0.5
Dw = Ds 1.0 0.5
Dw>1.5B + Ds 1.0 1.0

Notes: B =foundation width; D, = Groundwater Depth; Dt = Foundation Embedment Depth

The modified bearing factor terms (Ncm, Nym, Ngm) can be defined as follows:

Nem = Ngs¢ i [2.3]
Nym = Ny Sy iy [2.4]
Ngm = Ngsqigdg [2.5]

14




Each of the modified bearing factors have dual subscripts, with the first subscript: "c, v,
and g" for bonding (cohesion), unit weight, and surcharge/overburden, respectively; and
the second subscript "m" for modified that accounts for the footing shape (s) presented
in Table 2.3, the load inclination (i) illustrated in Figure 2.3 and presented in Table 2.4,

and the footing embedment depth (d) presented in Table 2.5.

The bearing capacity equation can also be modified to account for eccentric loading, base
tilt, sloping ground surface, and soil rigidity. These effects require the use of additional
modifier terms designated as zeta ({) factors presented elsewhere (Vesié, 1975; Kulhawy

et al., 1983; Paikowsky et al. 2010).

Table 2.3 Foundation Shape Factors s, sq, and sy for Bearing Capacity (AASHTO, 2014)

Factor Friction Cohesion Unit Weight Surcharge
Angle Term (sc) Term (sy) Term (sq)
=0 14 (o 1.0 1.0
Shape ¢'= + ( 5_L) : _
Factors
Sc, SY, Sq ' B Nq B B
¢ D)W ) | 104 (T 1+t
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Figure 2.3 Inclined load without eccentricity and the projected direction, 0

(V: vertical load, H: horizontal load, P: projected load, and 6: inclination angle)
(from Paikowsky et al., 2010)

Table 2.4 Load Inclination Factors i, ig, and iy for Bearing Capacity (AASHTO, 2014)

Factor Friction Cohesion Unit Weight Surcharge
Angle Term (ic) Term (iy) Term (iq)
'=0 |1 nH 1.0 1.0
Load | &'= CB.L.N, ' '
Inclination
I-jac.to.rs 1- g H (n+1) H n
Ic, Iy, Ig ¢'>0 ig— [1 - ] [1 -
Ng—1 V + c.B.L.cot ¢ V + c.B. L. cot ¢
NOTE:
4 ! ! !
Where n = [(ZL,/B,)] cos?0 + [(ZL,/L,) sin?0
(1+L'/B") (a+B'/L")
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Table 2.5 Depth Factor d, for Bearing Capacity (AASHTO, 2014)

Friction Angle, ¢'
(Degrees)

9
~
(o)

dq

1.20
1.30
1.35
1.40
1.20
1.25
1.30
1.35
1.15
1.20
1.25
1.30

Note: ¢' = ¢f = effective stress friction angle of soil

32

37

42

A NNBERCOPRANEROOPANPE

(o]

The depth correction is recommended only when the soil above the foundation level is as
competent as the soil below the foundation level, otherwise it should be taken as 1.0

(AASHTO, 2014). The depth correction factor can be expressed as:

dq = 1+2tand"(1-sing')? - arctan(D¢/B) (Note: arctan in radians) [2.6]

The three terms of the general bearing capacity equation were derived separately, thus
it is appropriate to apply them using one term at a time. The equation is used directly for
either shallow or deep foundations and the calculation is performed for either totally
undrained (c = ¢, = s, that assumes “¢ = 0” analysis) or else fully drained (¢' and c' = 0).
Specifically, the term "undrained" loading refers to a condition of constant volume (AV/V
=0) in the soil medium, while "drained" loading applies to the case of no excess porewater

pressures (Au = 0). Partially-drained and partly undrained are intermediate states.
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For static loading of sands and granular soils, it is most common for a drained analysis to
be conducted. The exception here would be in the case of footings on loose saturated
sands in high seismicity areas where soil liquefaction potential is high and can be
anticipated during a large earthquake. For foundations on clays and cohesive silts, both a
short-term (undrained) analysis and a long-term (drained) analysis should be performed.
Using the modified bearing factors, the general bearing capacity solution reduces to the

following two cases:

UNDRAINED: assuming "¢ = 0" for fast loading in silts, clays, and soils with low
permeability (AV/V = 0). In this case, Ngqm = 1 and therefore:

Gn =C"Ney + 0.5y B+ Nyp, * Gy [2.7]

DRAINED: assuming c' = 0 for all loading conditions on sands and for the slow drained
loading of silts and clays with Au = 0. In this case, the bearing capacity is:

n =Y ' Df *Ngm - Cug + 0.5y BNy - Gy [2.8]
2.1 B.C. of Shallow Foundations in Practice

In the case of shallow footings bearing at or near the ground surface, the overburden
term (ovo') is small and can be neglected. The usual approach for shallow foundations is

simplified to:

2.1.1 Undrained Loading: q, =c-N., = N., - S, [2.9]
where Nem = 5.14 for strip footing; 5.65 for rectangle (A/B = 2), and 6.14 for square or
circular footing. The parameter c = ¢, = s, =undrained shear strength of the soil (generally

applied to clays and silty soils) is taken as a representative value from the footing base to

18



a depth of approximately B to 1.5B beneath the base. The value of s, is best assessed
from the relationship:

su/Ovo' = % sing' OCRA [2.10]
where ¢' = effective stress friction angle, OCR = overconsolidation ratio, and A = 1 - C,/Cc
where Cs = swelling index and C. = virgin compression index. If ¢' is unknown, assume a

value ¢' = 28° to 30°. The value of A is generally = 0.8 to 0.9.

2.1.2 Drained Loading: Gn =05-y:B-Nyp " Cyy [2.11]
where Nym is the modified bearing factor for friction and expressed as a function of both
effective friction angle (¢'), foundation shape (A = plan dimension length and B = plan
dimension width), as plotted in Figure 2.4. The value for water table correction factor

(Cwy) depends upon the bearing elevation, groundwater depth, and footing size. Values

of bearing factor Nym and C,,, are given by the aforementioned equations and y = average

bulk unit weight of the soil.
2.2 Load Resistance Factored Design (LRFD)

After computing the nominal bearing stress (gn) of the shallow foundation under design,
it is recommended per AASHTO (2008) bridge specifications to compute a factored
bearing resistance (gr) following the load resistance factored design (LRFD) method. In

LRFD, a bearing resistance factor ¢y is used to compute the factored resistance where:

dr = $p -An [2.12]

19



Bearing Factor, Ny,

Drained Loading - Shallow Foundations 0 Strip Circle
1000 3 ' : : (deg) Footing or Square
| === Strip (B/A =0) 20.0 5.39 3.23
| —o— Rectangle (A/B = 2) 21.0 6.19 3.72
1 S Circle (AB < 1 220 713 4.28
= = =Square/Circle (A/B =1) 230 820 4.92
Bell Soln 240 944 5.66
100 - o altBell 25.0 10.87 6.52

26.0 12.54 7.52
27.0 14.47 8.68
28.0 16.71 10.03
29.0 19.33 11.60
30.0 22.40 13.44
31.0 25.99 15.59
32.0 30.20 18.12
33.0 35.17 21.10
34.0 41.05 24.63

=
o

Bearing Factor, N,

qui =2 B Y Cwy Nym : 35.0 4801 2881

5 5 5 . 360 5629  33.77

! ! | 370 6616  39.70

1 y : : 380 77.99 4679
20 25 30 35 40 45 50 390 92.20 55.32

40.0 109.36 65.61
41.0 130.15 78.09

Effective Friction Angle, ¢' (deg)

Figure 2.4 Values of bearing factor Nvm as a function of effective friction angle ¢'

The values of the bearing resistance factor ¢y can be obtained from one of two sources:
(a) AASHTO LRFD design manual; or (b) calibration based on statistical analyses. Table
2.6 presents the recommended values of ¢, according to the latest AASHTO LRFD-7
design manual (2014) where the resistance factors are developed using reliability theory
and calibration by fitting substantial representative statistic data to the Allowable Stress
Design (ASD). In ASD, the calculated factors of safety (FS) range from 2.5 to 3.0 and
correspond to bearing resistance factors (¢p) of 0.55 to 0.45, respectively. The main issue
with using such a table is the applicability of the same resistance factor value for all grades

of soil type regardless of the loading conditions or the particular strength characteristics;
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i.e., dp = 0.50 for all clays irrespective of its undrained shear strength, liquidity index,
plasticity characteristics, or continuity (intact versus fissured); or ¢, = 0.50 for all sands
using CPT regardless of its relative density, friction angle, or mineralogy (quartz-silica

versus carbonate-calcareous content).

Table 2.6 Recommended Resistance Factors for Geotechnical Resistance of Shallow
Foundations at the Strength Limit State (after AASHTO, 2014)

Method / Soil / Condition Resistance Factor
Theoretical Method (Munfakh et al., 0.50
2001), for Clays '
Theoretical Method (Munfakh et al., 0.50
2001), for Sands using CPT '
Bearing Resistance Theoretical Method (Mu.nfakh etal., 0.45
. 2001), for Sands using SPT
Resistance Factor, ¢p - ——
Semi-empirical methods (Meyerhof, 0.45
1957), for all sails '
Footings on Rock 0.45
Plate Load Test (PLT) 0.55

To overcome the wide applicability of the values recommended by the AASHTO, a second
source was used to define the bearing resistance factors as presented in Table 2.7
following the recommendations of Paikowsky et al. (2010) that focused on granular soils
with friction angles ranging from 30° < ¢' < 45° and relative densities with Dg > 35%. The
soils were divided into distinct classes based on effective friction angle and different
loading conditions. Corresponding LRFD reduction factors were suggested based on
statistical analyses (A and COV) of computed bias resistance, defined as the ratio of

measured/predicted resistance for a database of well documented case studies.
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Table 2.7 Recommended Resistance Factors for Shallow Foundations on Natural

Deposits of Granular Soil (after Paikowsky et al., 2010)

Loading Conditions
Soil Friction ;
Vertical - ; Inclined - Eccentric
Angle, ¢ Centric or Inclme.d
Eccentric Centric Positive Negative
30° - 34° 0.40 0.65
0.35
35°-36° 0.45 0.40
0.70
37°-39° 0.50
0.40
40° - 44° 0.55 0.45
0.75
> 45° 0.65 0.50 0.45

Using the aforementioned limit plasticity solutions and modifier terms for shape, depth,
and groundwater conditions, plus the recommended resistance factors from AASHTO
LRFD specifications, the bearing capacity stresses for the limit state were determined for
a variety of rectangular footings of different widths (B) and rectangular distortions (L/B).
The soil input parameters for bearing capacity determinations concerning footings on
granular soils includes evaluations of the unit weight (y) and effective friction angle (¢')
that were determined from in-situ test results (e.g., SPT, CPT, DMT), as detailed in later

sections of this report.

Even though the Piedmont/Blue Ridge soils may classify as fine-grained soils per USCS, in
reality, their behavior is primarily a drained to partially-drained response during normal

rates of construction for shallow foundations and MSE walls. The methodology discussed

herein would be considered applicable for these geomaterials.
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3. Settlement Computation for Shallow Foundations

3.1 Foundation Displacements and Settlements

For static loading of building foundations, there can be up to three types of displacements
that may occur during the construction and occupancy phases: (1) immediate or initial
undrained distortion (mainly on soft clays); (2) drained settlement due to primary
consolidation (all built footings experience this phase); and (3) long-term creep due to
secondary compression (primarily significant in organic clays and peats). These

settlements can be written together as:

qg-d-1-(1— vd) N q-d-I-(,l—vz) N Coe

= Az - logt
Ptotal Eu E 1+ e, g
Total = undrained distortion + drained settlement + long-term creep
Displacements: initial primary consolidation secondary compression

The undrained distortion phase only occurs if the rate of loading is fast relative to the low
permeability of the ground, generally involving deep thick deposits of soft saturated clays
and silts. If this phase is relevant, then Poisson’s ratio is vy, = 0.5 corresponding to zero
volume change and concerns over undrained bearing capacity may prevail. For
foundations situated on clay subsoils, it is standard practice to calculate vertical
deflections during undrained loading using a three-dimensional elastic solution
(Skempton and Bjerrum, 1957; D’Appolonia et al., 1971; Foott and Ladd, 1981). The

undrained stiffness is expressed by an undrained modulus (E,) that is derived from triaxial
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tests or in-situ field method such as the pressuremeter test (PMT). Vertical deflections

that occur under undrained loading are properly termed as “undrained distortion”.

The most common and prevalent settlement component is that due to drained primary
consolidation, normally calculated from e-logo,’ graphs, as obtained from one-

dimensional consolidation tests on undisturbed samples. The settlement calculations rely
on evaluating the effective preconsolidation stress (ovmax ), the recompression index (C;),
virgin compression index (Cc), and swelling index (C). If time-rate-of-consolidation will
occur, the coefficient of consolidation (cy) is also required. Full details on these calculation
procedures are given elsewhere (Perloff and Baron, 1976; Lambe and Whitman, 1979;
Holtz and Kovacs, 1981). In consolidation settlement, the footing loading should not
exceed the preconsolidation stress in the ground. Elasticity theory is used in the
aforementioned approach to calculate the vertical stress increase in the underlying

sublayers of soil.

An alternate approach uses the constrained modulus (D') also evaluated from one-
dimensional consolidation test data, where D’ = Ac’y / Ag, and is related to the equivalent

elastic Young's modulus E’ by (Lambe & Whitman 1979):

r_ Er-(1-vr)
- (1+vr)(1-2vr)

[3.1]

For strain levels associated with foundation deflections, the majority of strains in the soil
mass are small strains on the order € < 0.1% and a value of Poisson’s ratio in the range of

0.1<v'<0.2is appropriate. The drained moduli can be determined using laboratory tests
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on undisturbed samples (e.g., oedometer tests, drained triaxial tests), or field tests (e.g.,
pressuremeter and/or flat dilatometer tests), provided that the tests are conducted at
strain rates relevant to drained loading (Au= 0) and appropriate stress levels and/or
relevant strains comparable to the full scale situation. In sands, the material permeability
is high and permits rapid drainage upon loading. In clays and silts, the rates can be very

slow depending upon the permeability and degree of overconsolidation.

Settlements due to drained primary consolidation occur for every footing or foundation
under working loads. That is, every foundation that has ever been built and loaded to
design has experienced some movement or settlement that occurred under drained
primary consolidation. Thus, this is the type of settlement deserving primary attention for
the majority of bridge and wall structures. For special cases when these structures bear
on soft compressible clays, a case-by-case basis of geotechnical analyses will be

necessary.

Creep over time (t) continues unabated for many decades or longer. Creep settlements
are therefore analogous to getting older; i.e., time marches on but cannot cease. Thus,
creep is not normally a significant foundation problem, except in cases involving very soft
organic soils, particularly OH clays, silts, and peats. The phenomenon of creep in soils is
represented by the coefficient of secondary compression (Cqe). The magnitude of Cqe has
been linked to the virgin compression index (Cc). Thus, Coe may be estimated from the
empirical relationships (Mesri, 1973): sands (Coe /Cc) = 0.03; inorganic clays and silts:

(Coe/Cc) = 0.04; organic clays (Cae/Cc) = 0.06 to 0.08.
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As the GDOT bridge structures and walls will be considered for foundations situated on
sands and granular geomaterials, as well as natural Piedmont soils (fine sandy silts and
silty fine sands), the focus herein is for calculating drained settlements due to primary
consolidation. For this, elasticity theory may be used to calculate the magnitudes of
shallow foundation settlements in two ways: (a) propagating induced stresses with depth
and using results from e-logo,' data; or (b) displacement influence factors where strains
are accumulated with depth and elastic moduli (D' and/or E') are input parameters.
Poulos and Davis (1974) provide a compilation of rigorous elastic solutions that are
specific to the following cases: foundation shape (circular, square, rectangular), soil
homogeneity (modulus either constant or varying with depth), finite layer depth, multi-
layering, foundation roughness, interface roughness, Poisson effect (radial strains),
foundation stiffness (footing versus mat), and drainage conditions (undrained versus

drained).

Foundation settlements for sands are not commonly evaluated via one-dimensional
consolidation theory because of the difficulties in sampling of undisturbed specimens for
laboratory testing. Instead, drained settlements on sands are usually calculated using
displacement influence factors (Gibson 1967; Harr, 1966; Poulos & Davis 1974; Harr 1977;
Das 2011) and data obtained from in-situ tests (Beradi, et al., 1991; Fellenius 1996, 2009;

Sargand et al. 2003; Mayne 2006).

The method of displacement influence factors is justifiably applicable to calculating both
undrained distortional-type and drained consolidation-type settlements for all soil types.

It can be shown that the one-dimensional e-logo,” approach is merely a subset of the
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more general three-dimensional elasticity solution (Fellenius, 1996; 2009), whereby the
radial strains are neglected and correspond to the simple elastic case with Poisson’s ratio
v = 0. In lieu of the compression indices, a constrained modulus is used to describe the
stiffness of the soil matrix compressibility, where m, = coefficient of volumetric
compressibility (Janbu, 1969; Schmertmann, 1986). For the recompression portion of the
e-logo,’ curve, corresponding to overconsolidated soils, for example, it is a simple matter

to show that (Stamatopoulos and Kotzias, 1978):

D' =1/my = In(10) ovo' (1+€0) / Cr [3.2]

3.2 Foundation Displacements

The general form for settlement calculation by displacement influence factors is:

[3.3]

where s = p = foundation settlement, q = applied stress, B = foundation width, Es =
equivalent average elastic soil modulus, and | = displacement influence factor. Rigorous
solutions to obtain the displacement influence factors are fairly involved and require the
establishment of equilibrium equations, continuity equations, constitutive relationships,
and kinematics, as well as complex integrals (Ueshita and Meyerhof, 1967; Gibson, 1967;
Stark and Booker, 1997). The solutions depend upon several parameters, including
foundation shape (A and B), Poisson’s ratio (v), modulus variation with depth, soil

layering, finite layer thickness (h), foundation roughness, and interface adhesion.
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A great variety and number of solutions exist in the literature for different theories, initial
governing assumptions, foundation geometries, and specific situations ( Poulos and Davis,
1974; Teferra and Schultz, 1988). Most of the solutions are given in normalized forms, but
the graphical or chart presentations may make it appear that there are significant
differences amongst the various solutions, whereas in fact, the solutions are quite similar.
Mayne and Poulos (1999) provide an approximate solution for obtaining displacement
influence factors using numerical integration, and illustrate compatibility with a number

of well-known rigorous solutions that have been presented in differing formats.

3.3 Approximate Displacement Influence Factors

The displacement influence factor can be defined as summation of all vertical deflections
occurring directly beneath the foundation and within the elastic medium. The maximum
value is sought, as referenced to the center of the foundation base. The general derivation

for the displacement influence factor is given by (Davis and Poulos, 1968):

1= [, dz' [3.4]

where z* = z/d = normalized depth and the vertical strains (g;) are summed from the base
of the footing to some particular depth of interest, for instance, from z* = 0 to z* = h/d,
where h = depth to an incompressible layer such as bedrock. In the case of the flexible
foundation, the unit strains may be calculated from the constitutive relationship of

Hooke’s Law:

&, = - [Ac, — v+ (Aoy + Ady)] [3.5]

28



where Ao, = change in vertical stress at depth z and Aoy, = change in lateral stress in x and
y directions at depth z. The incremental change of vertical stress with depth (Ao, ) is well-
known and derived by integrating the Boussinesq point load over a distributed surface

area (Perloff and Baron, 1976):

Ao,/q=1—- —— [3.6]

where a is an equivalent radius of the footing under study.

The influence factors I, for a uniform rectangular loading (q) is presented in Figure 3.1,
specifically under the center, corner, far, and close edges (mid-center). The approximate

spreadsheet solution is compared to the rigorous Giroud (1968) solution.

Rectangular Distortion, c/d

0 5 10 15 20
0 r——r— r—r—r—l— T
- - __—Giroud (1968) <
g i Approximation @ d
A W
M c
p i
g [ — "Ii Corner
g : — Far Edge
T 2
L \\ Close Edge
: Center
3

Figure 3.1 Displacement Influence Factors for Different Points (center, corner, edges)
under a Uniform Rectangular Loading.
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The vertical stress increase (Ao;) under the center of a uniform rectangular surface

loading with length (c) and width (d) can be computed using (Harr 1977):

Center : Ao,/q =

2 mn 1+m? +2n® gsin{ m J [3.7]
T A1+m2+n? @+n?)(M?+n®)  7x Jm? +n2 1+ n?
where m=c/d and n=2z/d

It is common geotechnical practice, in fact, to consider only vertical stress increases when
calculating settlements of shallow foundations (Schmertmann 1986), and to use the
results of one-dimensional consolidation tests to evaluate the compressibility
characteristics of the various soil layers (Holtz and Kovacs 1981). In the one-dimensional
uniaxial case, the lateral strains are neglected and the resulting vertical strains for the

influence factor can be calculated from:

Aoy,
&, = Y

[3.8]
For the special case with v =0, the interrelationship is D' = E'. Using the calculated vertical
stress changes with depth for a circular area of unit diameter (d = 2a = 1) under unit stress
(g = 1) over a homogeneous elastic material of unit modulus (D' =1), it is an easy matter
to calculate the incremental strains via a spreadsheet and numerically integrate the
results over a specified depth of interest. The distributions of unit vertical strains (Al,)
with depth are shown in Figure 3.2. The strains are summed over a large dimensionless
depth (z* = z/d > 25) on a spreadsheet to give a practical solution to the semi-infinite

elastic half-space (z* = =0). For the case where v =0, the integration of Al, with depth gives

a cumulative influence factor | = 1, corresponding to the general Boussinesq case. For the
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more general case of triaxial stresses, the incremental increase in horizontal stress for

axisymmetrical loading under a uniform circle is given by (Poulos and Davis, 1974):

(a+v") 1
[1+ (a/2)?]%5 © 2:[1+ (a/2)?]*5

Ao, /q = % +v' - [3.9]

For these situations (v > 0), the vertical strains €, can be calculated using both Ac; (egn
3.6) and Ao (eqgn 3.9) with Hooke’s Law (eqn 3.5), giving the other curves shown in Figure
3.2. These approximate the rigorous solutions for a rough or adhesive interface between
the elastic compressible medium and underlying incompressible layer. In fact, these serve
as the basis for the well-known footing settlement method using CPT results introduced

by Schmertmann (1970) and revised method (Schmertmann et al. 1978).

Using a spreadsheet, the integral sign for calculating displacement influence factors is
replaced by the summation over small layers. Thus, for a homogeneous soil, the influence

factor is:

I, = YAL - (Az/d) [3.10]

3.4 Poisson's Ratio

Recent research has shown that the drained value of Poisson’s ratio (v') corresponding to
foundation settlements is less than earlier thought (Mayne and Poulos, 1999). The
conventional external measurements of specimen strains in routine laboratory triaxial
tests have been found to reflect difficulties due to end effects, stress nonuniformity,

capping problems, and seating errors, resulting in the reporting of inappropriate values
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of v’ on the order of 0.30 to 0.45 and measured soil stiffnesses that are too low

(Jamiolkowski, et al., 1994, LoPresti, 1995).

Displacement Influence Factor, I'
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Figure 3.2 Strain Influence Factors from Elastic Theory for a Circular Foundation
and Varying Soil Poisson's Ratio
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Accurate measurements are now possible using local strain devices mounted midlevel on
soil specimens and measured internally to the triaxial cell (e.g., Tatsuoka and Shibuya,
1992). The range of strain levels relevant to foundation deformation problems is between
0.01% and 0.2% (Jardine, et al. 1985; Burland, 1989), and therefore, the appropriate value
of Poisson’s ratio to use in elastic continuum solutions for drained loading is 0.1 < v' < 0.2
for all soil types, including sands (Tatsuoka, et al., 1994; Lehane & Cosgrove 2000) and

clays (Jamiolkowski et al., 1995; LoPresti et al,. 1995).
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For undrained conditions involving short-term loading of clays, it remains appropriate to
use the value from elastic theory with v, = 0.5. However, this case is not considered

applicable to the method and procedures discussed in this report.

3.5 Finite Layer Thickness

For situations where the compressible geomaterial layer is of finite thickness (h) and
underlain by an incompressible stratum (bedrock), spreadsheet integration is performed
over a limited depth from z = 0 to z = h (Széchy and Varga, 1978). The displacement
influence factor (In) can be expressed in terms of the foundation geoemetry (expressed in
the rectangular distortion ratio, c/d) and in terms od normalized layer thickness, h/d. An

algorithm to fit the Harr (1966) solution can be expressed as:

1
l, = 1 1 [3.11]
0.9- + [0.116-In(c/d)+0.654] —— ————
1.69+2.08/[(c/d)-0.8] (h/d)+0.001

Results for the displacement influence factor (In) are shown in Figure 3.3 for a uniformly-
loaded (flexible) rectangular foundation with different distortion ratio (c/d) ranging from
c/d = 1 for a square footing to c/d > 10 for a strip footing. The soil layer is finite and

represented by the ratio of thickness to width (h/d).

3.6 Foundation Rigidity

The foundation stiffness affects the overall distribution of stresses and corresponding
displacements. Analytical solutions for a infinitely thick layer indicate that the magnitude

of deflection of a rigid circular footing is 0.785 times that of the centerpoint of a flexible
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foundation. Thus, it is convenient to define a foundation flexibility factor (after Brown,

1969b):

Ky ~ ZEoN -(3)3 [3.12]

Es(av) a

where a = foundation radius, Erpn = elastic modulus of foundation material (reinforced
concrete), Esav) = representative elastic soil modulus beneath the foundation base (i.e.,
value of Es at depth z = a), and t = foundation thickness. If the percentage of concrete and
reinforcing steel are known, the value of Erpn may be calculated. Alternatively, for many
reinforced concrete foundations, an approximate value may be assumed on the order of

Eron = 30 GPa = 313,283 tsf.

The above definition of foundation flexibility is reasonable for footings and rafts, even
though the nominal effects of v' have been omitted (Horikoshi and Randolph, 1997). The
variation of displacement influence factor for a circular foundation resting on an infinite
elastic half-space has been previously evaluated in terms of the foundation flexibility
factor, K¢, using finite element analysis (Brown, 1969b), as presented in Figure 3.4. The
limiting values from analytical solutions for perfectly flexible and perfectly rigid are shown
at Ir = 1 and /4, respectively. According to Figure 3.4, the following categories can be
made: (a) perfectly rigid with K > 10; (b) intermediate flexibility with 0.01 < K¢ < 10, and
(c) perfectly flexible with Kr < 0.01. As an approximation, the aforementioned influence

factor can be expressed as a correction factor for foundation flexibility (or rigidity):

Ty 1 [3.13]

IF =
4 4.6+10 KF
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Figure 3.3 Displacement Influence Factors for Flexible Rectangular Footing of Different
Geometries on Finite Elastic Layer.

For a rectangular raft or structural mat or footing, Horikoshi and Randolph (1997) discuss
the expressions available for foundation flexibility. In order to be compatible for the
expression for the circular foundation stiffness, the most rational definition for a
rectangular foundation is given by:

2 0.5 3
(o = s B Gon) (B0
Esoil (1_Vmat ) L L
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where B = raft (mat) width, L = raft length, t = mat thickness. Here, Emat = Erpn as detailed

earlier.

Note that for a rigid circular footing, the magnitudes of settlements are equal at the
center and and edge, whereas for perfectly flexible circular mats, the edge settlements
are about two-thirds the magnitude of the centerpoint settlement. Thus, the settlements

at the edge of a circular foundation (pedge) can be approximately given by:

Pedge 1 — 1.533 (3.15)
Pcenter 4.6+10'Kp '

If analyzing a square or rectangular footing, a similar approach can be established because
the corner settlements of a perfectly flexible foundation are about one-half those at at
the centerpoint, whereas for a rigid foundation all points are the same (Poulos and Davis,
1974). So, for square and rectangular foundations, the magnitude of corner settlements

can be calculated from:

Pcorner 1 2.3 3.16]

~ 1] —
~

Pcenter 4.6+10'Kp

A rigorous solution shows some slight dependency on the finite layer thickness (Fraser
and Wardle, 1976). For consistent comparisons in results, the evaluation of foundation
flexibility for slender rectangular rafts should be made using the procedure of Horikoshi

and Randolph (1997).
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Figure 3.4 Effect of Foundation Rigidity on Centerpoint Settlement of Circular
Foundation (after Mayne and Poulos, 1999)

3.7 Foundation Embedment

Most footings are embedded below grade in order to protect against frost heave, erosion,
and facilitate construction. In many textbooks, the effect of foundation embedment on
the settlement response has apparently been overestimated because of the erroneous
mixing of various elastic solutions. A detailed discussion of this topic is given by Christian
and Carrier (1978). A numerical assessment by finite elements (Burland, 1970) provides a
more realistic evaluation of the problem. The correction factor (lIg, or originally designated
Ho) has been presented in terms of the ratio of embedment depth (ze) to foundation
diameter (d) and Poisson’s ratio (v) of the supporting soil medium, as shown in Figure 3.5.

The effects of embedment can be seen to be relatively modest, unless the foundation
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rests quite deep. The numerical results can be roughly expressed by the empirical

formula:

1

3.5-exp(1.22v—O.4)-(1.6+Z—)
e

[3.17]

3.8 Final Form of Settlement Equation

The final form of the settlement equation for shallow rectangular spread footing
foundations that accounts for foundation dimensions, finite layer thickness, footing

flexibility, and embedment is given by:

q-B-IpIplg-(1-v?)
S¢ = Pc = ;E [3.18]

where s. = centerpoint settlement, g = uniform applied stress, B = the width (smaller
dimension of rectangular footing), /» = foundation geometry influence factor, Ir =
foundation flexibility influence factor, Ir = embedment factor, and E’ = representative

elastic modulus of the supporting soil medium.
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4. Input Parameters Using Standard Penetration Tests (SPT)

4.1 Overview of the Standard Penetration Test (SPT)

The standard penetration test (SPT) is performed during the advancement of a soil boring
to obtain an approximate measure of the dynamic soil resistance, as well as a disturbed
drive sample (split barrel type). The test was introduced by the Raymond Pile Company in
1902 and remains today as one of the most common in-situ test worldwide following
AASHTO T206 and ASTM D 1586 standards. The main advantages of the SPT are obtaining
both a sample and a number. The test is simple, rugged, and suitable in many soil types
except for soft clays and coarse gravels. The SPT is usually performed using a conventional
geotechnical drill rig and can provide a rough index of the relative strength and
compressibility of the soil.

The SPT is conducted at the bottom of a soil boring that has been prepared using either
flight augers or rotary wash drilling methods. At depth intervals of about 1.5 m (5 ft), the
drilling process is interrupted to perform the SPT which involves driving a thick hollow

open pipe at the bottom of the borehole during impacts from a drop hammer.

4.2 Equipment

Equipment necessary for performing a standard penetration test include a rotary drill rig,
drilling rods, split-barrel (or split spoon) sampler, and a drop weight system. A truck-
mounted drill rig is shown in Figure 4.1) a and track-mounted rig in Figure 4.1) b.
[llustrative views of the split barrel sampler are presented in Figure 4.2. Over the past

century, different types of SPT hammer systems have been used, including: pinweight,
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donut, safety, and automatic free-fall versions. The SPT resistance is highly-dependent
upon the type of hammer and energy efficiency, and also influenced by the borehole size,
type of rods, length of rods, operator performing the test, and other factors (Skempton

1986; Kulhawy & Mayne 1990).

Figure 4.1 Drilling Rigs for Conducting SPT: (a) CME truck rig (b) GeoProbe Systems

4.3 Procedures

Test procedures for the SPT consist of repeatedly dropping a 63.5-kg (140 Ib) hammer
from a height of 760 mm (30 in) to drive a split-barrel sampler three successive vertical
increments of 150 mm (6 in) each, as illustrated in Figure 4.3. The number of blows
required to drive the sampler each increment and recorded. The initial increment is
considered a seating drive. The blows required for the second and third increments are
totaled to provide number of blows/300 mm (i.e., blows/foot), referred to as the

measured SPT resistance or “N-value” (Sabatini et al., 2002).
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Figure 4.2 Split-Barrel Samplers used in SPT: (a) closed and (b) open

Since the SPT is highly dependent upon the equipment and operator performing the test,
it is often difficult to obtain repeatable results, particularly amongst different drillers and
rigs at the same site. The factors affecting the SPT results include energy inefficiency, type
of hammer, number of rope turns, conditions of sheaves and rotating cathead (e.g.,
lubricated, rusted, bent, new, old), age of rope, actual drop height, vertical plumbness,
weather moisture conditions (wet, dry, freezing), inadequate cleaning of hole, careless
measure of drop, inaccurate hammer weight, eccentricity of drop, and other issues
(Skempton 1986; Sabatini et al. 2002).

When performing an SPT and recording information on the field log, the following items
are of note: (1) N is always recorded as an integer; (2) a test is ended and noted as SPT

III

“refusal” if driving resistance is recorded as 50 blows over a 25-mm increment or less (e.g.
N > 50/1"); and (3) if the N-value is less than one, then the geoengineer or engineering
geologist should record the actual penetration that occurred. For instance, in very soft

clays, a value of 1 blow could drive the split barrel sampler the entire vertical distance

(i.e., 1/18"), or no driving performed whatsoever, but merely the full or partial
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Figure 4.3 Illustration of Setup and Procedure for the Standard Penetration Test (SPT)

penetration occurred due to the added weight of the hammer (WOH) or even just the
weight of the rods (WOR).

In the USA, for the most part, many drilling and field testing firms have upgraded to an
auto-hammer system in order to facilitate the operations and obtain more consistent

results. Figure 4.4 shows a selection of auto-hammers available for commercial SPT work.
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Figure 4.4 Various AutoHammers from Different Manufacturers

4.4 Corrections to the SPT N-value

Numerous correction factors to the measured N-value are necessary because of energy
inefficiencies and procedural variation in practice. When all factors are applied to the field
recorded N-value (Nmeas), the corrected SPT-N value is calculated as:

Ngo = Cg.Cg.Cs. Cr- Nppeasured [4.1]
where the approximate magnitude of corrections for energy efficiency (Ce), borehole
diameter (Cg), sampling method (Cs), and rod length (Cg) as presented in Table 4.1 are
discussed elsewhere (Skempton 1986, Kulhawy & Mayne 1990, Youd et al. 2001,

Boulanger & Idriss 2014). The most important factor is the energy efficiency which is
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obtained by a one time calibration using the procedures outlined in ASTM D 4633. Note,
in some instances, such as nuclear power plant investigations, the calibration must be
checked annually.

The efficiency of the system can be obtained by comparing the kinetic energy, KE,
(KE=¥2mv?), with the potential energy, PE, of the system, (PE=mgh), where m = mass, v =
impact velocity, g = 9.8 m/s? = 32.2 ft/s? = gravitational constant, and h = drop height. The
energy ratio (ER) is defined as KE/PE. The theoretical energy of a free-fall system is 4200
in-lb (140 Ib falling 30 inches), but is always less due to frictional losses, eccentric loading,
wear, and other factors. Calibration of energy efficiency recommended by ASTM D-4633
with strain gages and accelerometer measurements (usually not done by commercial
firms). Standard of practice varies from about 35% to 85% with cathead system, but
averages about 60%. Newer automatic trip-hammers are available that provide consistent
results, however the energy efficiencies still may range from 45% to 97% and depend
upon the specific system.

When the necessity for correcting SPT values for energy inefficiently were finally
acknowledged circa 1985, a mean ER = 60 % was the average standard of practice based
on the 1902 to 1985 timeframe (Skempton 1986; Kulhawy & Mayne 1990). The N-values
had been primarily obtained from safety and donut hammers, with some data from older
pinweight types. Unfortunately, the reference value was established for that timeset
(1985) and raw SPT resistances must now always be corrected to Neo, corresponding to

an energy efficiency of 60%.
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Table 4.1 Definition of different correction factors: depth effect (Cn), energy efficiency
(Ce), borehole diameter (Cg), sampling method (Cs), and rod length (Cg)

Factor Influencing Variable Field Case Factor Values
c Depth_ effect due to increasing ;ﬁ:g;gﬁz‘r:illom s
N ?:i%tlve overburden stress bars = 101 3 kPa = Cn = (Camlow)™™ <2
1.058 tsf
Hammer Type: Range of Factor Ce
Ce = ER/60 Automatic: 1.0 to 1.6
Ce where ER = hammer energy | Safety: 0.8 10 1.3
ratio (ASTM D 4633) Donut: 0.6 to 0.8
Pinweight: 0.5 to 0.7
65<b<115 Cs=1.00
Cs Borehole diameter, b (mm) b =150 mm Cs=1.05
b =200 mm Ce=115
Cs Split-barrel sampler With finer: Co= 10
No liner: Cs= 1.2
L>10m Cr =1.00
6<L<10m Cr =0.95
Cr Drill rod length, L (meters) | 4<L<6m Cr =0.85
3<L<4m Cr =0.80
L<3m Cr =0.75

*Note: common US practice is no liner.

Figure 4.5 shows results from two side-by-side borings with SPTs at the same site in
Vermont, as conducted for the Vermont Department of Transportation (VTRANS). This
case exemplifies the need for correcting N-values to a common reference energy level.
The energies were measured for each strike of the hammer and gave an average ER of 81
% for the CME auto hammer and an average ER of 48 % for the safety hammer at this site.

The individual trends for the measured N-values from CMR auto and safety hammers are
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quite apparent in Figure 4.5a whereas a consistent profile is obtained in Figure 4.5b once
the data have been corrected to ER = 60%. The N values corresponding to 60 % efficiency

are termed Neo and are given by:

Ngo = (ER/60) * Npeasured (4.2]
Uncorrected SPT Resistance, N (bpf) Corrected SPT Resistance, N, (bpf)
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Figure 4.5 SPT- N values from Vermont: (a) Uncorrected data; and (b). Corrected data
to 60 % efficiency. (Data from VTRANS, 2008)

A second example of the large differences in N-values obtained from two different hammer
systems in presented in Figure 4.6. The SPTs have been performed at the national
geotechnical experimentation site (NGES) at Northwestern University, Evanston, lllinois.
The results are from tests in a fine sand layer (0.15 mm < Dsp < 0.30 mm) that extends to a
depth of around 6.7 m (22 ft). The two sets of N-values were obtained using a safety

hammer and an auto hammer.
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Figure 4.6 SPTs at Northwestern University: (a) Uncorrected N values;
(b) Energy-Corrected Neo values.

Using the above energy corrections, it is evident that the corrected Neo profiles are in good
agreement for both hammer systems. However, without the ER correction, the SPT

resistances from the auto hammer are too low (Ce = 1.58), while those from the safety

hammer are too high (Ce = 0.67). Both require significant corrections.
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Table 4.2 Summary of Energy Ratios (ER) Measured from AutoHammers in USA

Standard

AutoHammer System Me.-an Energy Deviation of | Location or Agency

Ratio (ER) % ER (%)
Diedrich D-120 A 46 +8.7 uboT
Diedrich D-50 56 2 TN
CME 850 62.7 t4.0 uboT
BK-81 w/ AW-J rods 68.6 £75 ASCE/WA
Mobile B-80 70.4 t4.6 ubDOT
CME hammer w skid 72.9 4.2 Washington
Diedrich D50 76 t53 FDOT
CME 45c Skid 77.4 t5 VTRANS
Diedrich D-120 78 t4 TN
CME 55 78.4 +8.2 FDOT
CME 850 79 t2 TN
CME 45c Track 80.6 £39 VTRANS
CME 45 80.7 +10.1 FDOT
CME 45c Track 81.1 +538 VTRANS
CME 85 81.2 +3.9 FDOT
CME 75 w/ AW-J rods 81.4 +4.7 ASCE/WA
CME 75 83.1 t5.1 FDOT
CME 75 Track 84 £53 VTRANS
CME 55 Track 85 £4.9 VTRANS
CME 750 86.6 +6.2 uDOT
CME 55 Track 87.4 t54 VTRANS
Mobile B-57 88 t3 TN
Mobile B-57 93 3 TN
CME 75 rig V 946 2.1 uDOT

NOTE: Range is factor of 2.1
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There is a general misconception by geoengineers that if the SPT is performed using an
autohammer, the results do not need to be corrected for energy content. Table 4.2 shows
a compilation of energy measurements by different organizations at different sites in the
USA, all using automatic hammers. These ER data represent thousands of field
measurements (ASTM D 4633) for each hammer strike and indicate a documented range of
ER from 45% to 95% for autohammer efficiencies. Therefore, one cannot assume a value of
ER for a valid correction of energy on a particular system. Interestingly, the state-of-the-
practice using autohammers has now risen to a mean value  one standard deviation of
ERave = 82% * 7% based on some 17,825 ER measurements taken in the past five years
(Honeycutt et al. 2014). Unfortunately, the correction reference value remains stuck to the
value from 1985 vintage, i.e. Neo.

Since SPT N-values in the same geomaterial will increase with increasing effective
overburden stress, the energy-corrected blowcount (Neo) is often stress-normalized to an
equivalent effective overburden stress of 1 atmosphere (= 100 kPa = 1 tsf), also called an
overburden correction. The stress-normalized and energy-corrected blowcount is
referred to as (N1)so, and is equal to:

(N1)eo = Cn-Nego [4.3]

where Cy is the stress normalization parameter calculated as:

o= (“ay,) 4l

where P, is atmospheric pressure in the same units as 6y' (i.e., 1 atm =~ 1 bar =~ 100 kPa =
1 tsf), and n is a stress exponent typically equal to 0.5 in clean sands (Liao & Whitman,

1986; Kulhawy & Mayne 1990) and increases to 1 in clays (Mayne & Kemper, 1988).
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4.5 Soil Unit Weight from SPT

The soil unit weight (y:) is needed in the calculation of overburden stresses. The unit
weight relates to the more fundamental mass density (p:):

v =  pt-8ga [4.5]
where ga = gravitational constant (= 9.8 m/s? = 32.2 ft/s?).

Unit weights are best obtained by securing "undisturbed" samples (thin-walled Shelby
tubes; piston samples) and weighing a known volume of soil. The ratio of weight to
volume is the unit weight.

Soil identity relationships provide information about the initial state of the soil. One
primary identity is:

Gs-wnhn= S-eg [4.6]
where Gs = specific gravity of solids (for "normal" soils: Gs=2.70£0.1), w, = natural water
content, S = degree of saturation (S ranges from zero in dry soil to 100% in fully saturated
soils), and ep = initial void ratio.

A second identity for the general case of unit weight is:

1+w

Yt = 1+e'Gs'Yw [4.7]

where y¢ = unit weight of water (= 9.8 kN/m?3 = 62.4 pcf for freshwater). Depending upon
the water content and degree of saturation, two boundary cases are commonly taken in
soil mechanics: (a) dry soil (with w = 0); and (b) fully-saturated soil with S = 1 (and then:

e = Gs'w). This gives:

GS'YW

Dry unit weight: Ydry [4.8]
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Gs+e
l+e

Saturated unit weight: Ysat Tw [4.9]

For solid rock (no voids), the unit weight is simply: Yrock = Gs*yw Thus, for Gs = 2.7 Yrok =
27 kN/m3 =172 pcf). Thus for practical use, the hierarchy for assighment of unit weights
would be: Yary £ 7t £ Ysat < Yrock-

For soils above the groundwater table, a dry unit weight would apply for no capillarity
(i.e., clean sands), while if full capillarity exists (e.g., clays), then a saturated unit weight
would be appropriate. If the soil is partially saturated, the total unit weight will depend
upon the ambient degree of saturation, likely a value that changes with the weather,
humidity, and temperature. For soils below the water table, it is often taken that the total
unit weight is equal to the saturated unit weight. In some cases, calculations involve the
effective unit weight (Y' = ysat - yw), also referred to as the buoyant unit weight or
submerged unit weight.

When undisturbed samples or natural water contents are not available, the unit weight
can be estimated from the shear wave velocity (Vs in m/s) and depth (z in meters):

Y, (kN/m?) = 8.311og(V;) — 1.61log(z) [4.10]
The relationship is shown in Figure 4.7 and applies to particulate geomaterials that are
not cemented or bonded, thus would not be applicable to saprolites, rocks, cemented or

structured diatomaceous or calcareous or carbonate soils.
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Figure 4.7 Relationship for unit weight in terms of shear wave velocity and depth
(Mayne, 2001)

A more fundamental trend is derived in terms of effective overburden cyo' (in kPa) rather
than depth z where y: is expressed:

v, (kN/m?) = 8.641og(Vy) — 0.74log(cy,) — 0.40 [4.11]
where Vs (m/s) and o' = Gvo - Up = effective vertical overburden stress (kPa), ovo = [ Yt dz
= total overburden stress, ug = hydrostatic porewater pressure = hy-yw, and hy = height of
the water table at that elevation.

As these estimated unit weights are in terms of saturated values, a relationship between
dry and saturated unit weights can be developed from [4.8] and [4.9] to allow the

evaluation of dry unit weights for those conditions (Figure 4.8).
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Figure 4.8 Interrelationship between dry unit weight and wet unit weight.

By using the measured in-situ SPT resistance (N value), one can estimate the
corresponding shear wave velocity (Vs) value to be used in estimating in the unit weight
of the soil following Equations [4.10] and [4.11].

Imai and Tonouchi (1982) compiled a database of a variety of ground conditions through
Japan where they collected data points from over 400 boreholes covering different soil
types ranging from alluvial to diluvial clays, gravels, peats, and sands, in addition to special
soils such as loam, fill, and sirasu. The database included 1654 measured SPT resistance
N values with an average energy rating of 78 % with corresponding shear wave velocity

(S-wave) measured mainly using a suspension logging method. Figure 4.9 illustrates the

55



direct relationship between the measured shear wave velocity (Vs) and the SPT (N-value)

and the relationship can be expressed as:

v, (?) =97.0 N0314 [4.12]

o Alluvial Clay

1000 - Alluvial Gravel
x Alluvial Peat
< Alluvial Sand

x Diluvial Clay

+ Diluvial Gravel

Shear Wave Velocity, V, (m/sec)

100 + Diluvial Sand
A Fill Clay
< Fill Sand
LA P | V. =97 N 0314 ;
s = A Clay Tertiary
2 _
R*=0.7588 0O Sand Tertiary
n = 1654 data points
10 — ey — ey — iy — B Loam
0.1 1 10 100 )
N-Value (Times) 4 Sirasu

Figure 4.9 Relationship between shear wave velocity Vs and SPT N-value
(data after Imai & Tonouchi, 1982)

4.6 Effective Friction Angle from SPT

In-situ penetration tests can be used to relate the effective stress friction angle (¢') of
granular materials to the penetration resistance, which is Neo value for the SPT. Meyerhof
(1956) presented baseline relationships for evaluating the drained friction angle of

cohesionless soils, where he considered the state of packing of the granular soil
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(expressed in terms of relative density) and presented typical ranges for the standard

penetration resistance, N and the corresponding friction angle, ¢'.

A more reliable correlation between ¢' and stress-normalized SPT resistance, (N1)so, Was
derived by Hatanaka and Uchida (1996) where high quality undisturbed samples of
natural sands were obtained by special freezing method. Once mounted in the triaxial cell
and allowed to thaw, specimens permitted direct measurements of ¢' in triaxial
compression tests. Corresponding field SPT data were obtained at the same elevations as
the undisturbed samples using a Japanese automatic trip hammer system where energy
efficiency is reported as 78 percent. For an reference 60% efficiency in the U.S., the

expression for peak ¢' is presented in Figure 4.10 and is given as:

@0 = 4 154 (N1)60 + 200 [413]

It is important to recognize that these correlations have been developed for relatively
clean sands. Some limited experience with this expression in residual silty fine sands
(Mayne & Harris 1993) and fine sandy silts of the Applachian Piedmont geology (Mayne
et al. 2000) have shown good agreement with laboratory triaxial tests on undisturbed

samples.

The SPT should not be used to estimate the drained friction angle of gravelly soils, unless
the correlations are verified and/or modified based on local experience. The size of gravel
particles can be larger than the inner diameter of the split sampler used in the SPT test,

thus affecting the penetration resistance in gravelly geomaterials.
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Figure 4.10 Peak friction angle of sands from SPT resistance (data from Hatanaka &
Uchida, 1996; Mayne & Brown, 2003)

In the case of clays, there is no direct relationship between the SPT ressitance and the
effective stress friction angle. A review of compiled data for clay effective friction angle
values (¢’) from approximately 200 different clays versus their plasticity index values (n =
453 data points); as collected from Diaz-Rodriguez et al. (1992); Terzaghi, et al. (1996);
Locat, Tanaka, and Lee (2003); Kulhawy and Mayne (1990); and Bhandari and Yatabe
(2007); as presented in Figure 4.11, it can be seen that the clay friction angle exhibits a

mean value of ¢' = 28.6 degrees with a standard deviaton of about 5 degrees (Mayne

2013). Contrary to some claims, no correlation for ¢' with PI exists for natural clays.
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Figure 4.11 Effective stress friction angle of clays versus Plasticity Index

4.7 Soil Modulus of Elasticity from SPT

Elasticity theory can be used to represent the stiffness of soil where it allows for

interrelationships between the equivalent elastic Young's modulus (E'), shear modulus

(G"), and constrained modulus (D') in terms of the Poisson's ratio (v'). In-situ methods

resistance (Neo) measured at the same location.

such as the flat dilatometer test (DMT) and pressuremeter test (PMT) can be directly used

to measure an elastic modulus (E’) which in turn can be related to corrected penetration

For the Piedmont residual soils, Mayne & Frost (1988) compiled over 160 flat dilatometer

tests with supplementary routine soil borings and cone penetrometer soundings in the

vicinity of Washington DC, VA, and MD. The DMT elastic moduli were compared with
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values obtained from laboratory tests and backcalculated moduli from field performance
of full-scale foundation measurements. By considering the SPT penetration resistance
measured at the same testing locations which had an average energy rating of 60 % in the
late 1980s, a direct relationship between the derived elastic modulus (E') obtained from
flat dilatometer tests (DMT) assuming v' = 0.2 and corrected SPT penetration resistance

(Neo) was developed, as shown in Figure 4.12 and expressed by:

Ep (bars) = 22 * 04¢m * (Ngg) 082 [4.14]

DMT-SPT Relationship in Piedmont Residuum
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Figure 4.12 DMT modulus versus SPT relationship in Piedomnt Residuum
(data from Mayne & Frost, 1988)
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The database was expanded to include more soil types such as silty sands and clayey sands
(Atlantic Coastal Plain) and plotting them with the residual silts and sands of the Piedmont
geology as presented in Figure 4.13. It can be seen that Equation 4.14 is still valid and

applicable, yet can be considered on the conservative side for some of the sands.

DMT-SPT Relationship for ALL Soil Types
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Figure 4.13 DMT modulus versus SPT Neo relationship for a variety of soil types
(modified after Gordon & Mayne 1986).

4.8 Stress History from SPT

The stress history of a soil can be used to represent the geological conditions and
evolutionary changes that the soil has undergone over the years and thus be considered

as the focal point for geotechnical design applications since it relates to many
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fundamental aspects of the soil behavior in terms of strength, stiffness, and
compressibility. The preconsolidation stress (o,') can be defined as the maximum
effective overburden stress experienced by the soil during its stress history. Soils are
often prestressed because of overburden removal, erosion, glaciation, and/or excavation,
which are mechanical means. Also, soils can develop a pseudo-preconsolidation due to
effects of ageing, desiccation, groundwater changes, exposure to wet-dry cycles, and
repeated freezing-thawing. The overconsolidation ratio (OCR) is a classic normalized and

dimensionless parameter based on the o,' and effective vertical stress (ovo'), such that:

OCR = Gpl/ o-vOI [4.15]

The most basic and conventional means to determine stress history is via laboratory one-
dimensional consolidation testing per ASTM D2435. The specimens are subjected to
constrained compression in either a mechanical oedometer, electro-pneumatic or
hydraulic consolidometer, or automated constant rate of strain (CRS) device. On the basis
of the consolidation test, many methods have been proposed to delineate op' from the
compression measurements. However, the results are dependent on the plotting
methods and curve-fitting procedures. Laboratory based techniques are associated with
many issues, including: disturbance which can be attributed to the sampling process,
specimen handling, and stress relief due to removal of the sample from depths beneath
the ground surface. To overcome issues associated with laboratory methods, o,' can be

determined using direct correlations with in-situ test measurements such as standard
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penetration, cone penetration, flat dilatometer, and/or vane shear tests that are faster,

more economical, and productive than laboratory tests.

Kulhawy and Mayne (1990) investigated the relationship between the SPT resistance (N)
and the effective preconsolidation stress (o,') for 51 fine-grained soils. These were mainly
firm to stiff to hard clays which were not sensitive nor structured, resulting in the

following expression:

o, =047 * ogtm N [4.16]

Although the reported penetration resistance values were not specifically corrected for
energy effciciency, the SPT data were obtained primarily using safety hammers for which
the average ER = 60%. Later, a more detailed study investigated the relationship between
energy-corrected standard penetration resistance (Neo) and the preconsolidation stress

for different soil types as presented in Figure 4.14 and as expressed:

o, = 0.47 * gt - (Ngp)™ [4.17]

where m is an exponent that depends on the soil type: m = 0.6 for clean quartzitic sands
and gravels, m = 0.7 for silty or clayey sands, m = 0.8 for sandy silts (e.g., Piedmont), m =
0.9 for silts to clayey silts, and m = 1.0 for intact “vanilla” clays (Mayne 1992). Fissured
clays may exhibit an exponent value with 1.1 or higher, depending upon the extent and

frequency of the discontinuities and joints.
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The OCR can then be calculated from eqn [4.15]. For clays and silts where the OCR < 1,
an underconsolidated state is identified. This is a very precarious and unstable condition

and should be reviewed by the chief engineer and/or senior geotechnical engineer.

Clays and silts with 1 < OCR < 2 are normally consolidated to lightly overconsolidated
deposits that are prone to problems of instability, bearing capacity, and high
compressibility problems, and these too should be reviewed by senior geotechnical staff.
Since there is some uncertainty in the correlative trends, a value of OCR < 3 has been used
to conservatively identify these soft clays and silts. Additional laboratory and/or in-situ
testing may be warranted before proceeding forward with foundations in these

geomaterials.

Soils exhibiting a range: 2 < OCR < 10 are moderately overconsolidated and generally do
not exhibit difficulties during construction and not normally associated with issues of

strength, compressibility, and stiffness.

Finally, fine-grained soils that have very high OCRs > 30 are often cracked and fissured
and have discontinuities which may present issues in slopes, drainage, walls below grade,
and foundations. If heavilly overconsolidated and highly plastic, these may also be prone

to swelling problems and exhibit characteristics of expansive clays and other concerns.
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Figure 4.14 Effective preconsolidation stress versus Neo for soils (after Mayne 2007b).
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5. Input Parameters Using Cone Penetration Tests (CPT)

5.1 Overview of the Cone Penetration Test (CPT)

The cone penetration test (CPT) involves the hydraulic pushing of an instrumented steel
probe at a constant rate to obtain continuous vertical profiles of stress, friction, and
pressure with depth. Cone penetration testing can be conducted for measurement of tip
and sleeve resistances (i.e., CPT) or the additional readings of penetration porewater
pressures using a piezocone (i.e., CPTu). Some equipment includes the ability to measure
shear wave velocities, called a seismic piezocone test and designated SCPTu.

By recording continuous measurements vertically with depth, the CPT is an excellent tool
for profiling strata changes, delineating the interfaces between soil layers, soil
consistency, and detecting small lenses, inclusions, and stringers within the ground. The
data presentation from a CPT sounding includes cone resistance (qz), sleeve friction (fs),
and porewater pressures (u;) plotted with depth in side-by-side graphs. The records are
stored digitally and can be post-processed to interpret a number of geotechnical
engineering parameters that relate to unit weight, soil strength, preconsolidation,

stiffness, stress state, and permeability (Lunne, et al. 1997; Mayne, 2007).

5.2 Equipment

Equipment necessary for performing a cone penetration test includes a penetrometer,
set of cone rods or drill rods, electrical cable, a data acquisition system, and hydraulic
actuator with sufficient reaction mass to advance the penetrometer. This can be a
conventional drilling rig or a CPT truck weighing 20 to 25 tons.
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A standard cone penetrometer is a 35.7-mm diameter cylindrical probe with a 60° apex
at the tip, 10-cm? cross-sectional area, and a 150-cm? sleeve surface area. More robust
penetrometers are available with a 44-mm diameter body, a 15-cm? projected tip area,
and 200- to 225-cm? sleeve surface area. Figure 5.1 shows a number of different cone
penetrometers and piezocones. Standard cone rod is typically 1 m in length with a 35.7
mm outer diameter and a 22 mm inner diameter opening. An electronic cable runs
through the hollow rods and attaches to a data acquisition system at the ground surface.
The newest data acquisition systems are digital types, yet many older systems consist of
a signal conditioner, an analog to digital (A-D) converter, and computer processor. Data
are typically recorded every 2 to 5 cm of vertical penetration (Sabatini et al., 2002).

For a piezocone penetration test (CPTu), the penetration porewater pressures are
monitored using a transducer and porous filter element. Porewater readings can be taken
at the apex or mid-face (designated ui), shoulder (just above the cone tip, or uz), or behind
the sleeve (us). The standard required position per ASTM D 5778 is the shoulder position
(type 2) because the u, value is required for the correction of tip resistance. Filter
elements consist of high-density polypropylene, ceramic, or sintered metal. Fluids for
saturation include: water, glycerine, or silicone.

For the seismic piezocone test, a geophone is located approximately 500 mm uphole from
the cone tip. The geophone detects shear waves generated at the ground surface at depth

intervals of approximately 1-meter, corresponding to successive rod additions.
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Figure 5.1 Different cone penetrometers and piezocones used in
production testing and research

5.3 Procedures

Test procedures for the CPT consist of hydraulically pushing the cone at a rate of 20 mm/s
in accordance with ASTM D 5778 using either a standard drill rig or specialized cone truck.
The advance of the probe requires the successive addition of rods at approximately 1 m
intervals. Readings of measured tip resistance (qc), sleeve friction (fs), inclination (i), and
pore pressure (uy) are taken at least every 5-cm, as illustrated in Figure 5.2.

Careful saturation of the porous filter and transducer ports is paramount for piezocone
testing. Poor saturation will lead to a compressible measurement system, and thus the
full magnitude of the penetration pore pressure response will not be recorded. If water
or water mixtures are used as the saturation fluid, a fluid filled membrane should be
wrapped around the element to maintain saturation until the probe enters the ground.
Glycerin and silicon oil are typically viscous enough to prevent desaturation of the

element before penetration into the ground. Typically a pause in penetration will occur
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be recorded and compared to the expected depth.

Figure 5.2 Depiction of Cone Penetration Testing (CPT) Setup and Procedures

to add new rods. This is referenced as the rod break. The depth at each rod break should

For the seismic piezocone (SCPTu), downhole shear wave velocity tests are performed at
each 1-m rod break. A special instrumented hammer is used to trigger a surface source
rich in shear waves (typically a horizontal steel beam). The steel beam is coupled to the
ground under a hydraulic outrigger of the cone truck or drill rig, or under the tire of a
support vehicle. The horizontal distance between the source beam and cone rod should

be minimized (typically < 1 m) to ensure a relatively vertically-propagating shear wave. A



horizontal geophone located within the penetrometer serves as a receiver for the signal,
which is displayed on the screen of an oscilloscope. First arrival times for shear waves are
recorded with respect to depth, to provide interpretations of shear wave velocity of the

overlying soil material (Sabatini et al., 2002).

5.4 Parameters Measured

Electric and electronic penetrometers have standard readings of measured cone tip
resistance (qc) and sleeve friction (f;), as shown in Figure 5.3 (a). Piezocone penetrometers
obtain penetration porewater pressures using filters located at the shoulder (uy; Figure
5.3 (b)) or the midface (u1; Figure 5.3 (c)). A horizontal geophone in the seismic piezocone
(Figure 5.3 (d)) can be used to record mechanically induced shear waves from the surface,
leading to determination of shear wave arrival time (ts) and shear wave velocity (Vs).

The cone tip resistance (qc) is the measured axial force over the projected tip area. It is a
point stress related to the bearing capacity of the soil. In sands, the tip resistance is
primarily controlled by the effective stress friction angle, relative density, and effective
horizontal stress-state. For intact clays, the tip resistance is primarily controlled by the
undrained shear strength and preconsolidation stress. Particularly in clays and silts, the
measured g. must be corrected for porewater pressures acting on the cone tip geometry,
thus obtaining the corrected or total cone tip resistance, g: (Lunne et al., 1997):
G=q+t+1—ay) " u, (5.1]
where a, is the net area ratio determined from laboratory calibration and u; is the

shoulder penetration porewater pressure. The net area ratio is approximated as the ratio
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of the unequal end areas of the cone (see Figure 5.4). The net area ratio (an) is
penetrometer-specific and is obtained by isotropic pressurization of the cone in a triaxial
cell. It is best to use penetrometers with a value of net area ratio an 2 0.80 to minimize
the necessary correction. Contract specifications should always request the actual
calibration curves and clear indication that g. readings have been adjusted to provide the
proper g: values. Notedly, the correction is paramount for intact clays and silts where
excess porewater pressures will occur (gt > qc), while in clean sands, the correction is
negligible and thus g: = qc.

Because soil samples are not normally taken during CPT, soil types must be deduced or
inferred from the measured readings. As a general rule of thumb, measured cone tip
resistances in sands are rather high (g: > 5 MPa or 50 tsf), reflecting the prevailing drained
strength conditions, whereas measured values in clays are low (gt < 5 MPa or 50 tsf) and
indicative of undrained soil response owing to low permeability.

The sleeve friction (fs) is a shear stress determined as the axial side load acting along the
cylindrical surface area of a smooth sleeve. This value is often expressed as the Friction
Ratio (FR) which is defined as the ratio of the sleeve friction to cone tip resistance,
designated FR = Rf = 100-fs/qt, thus reported in percent. The friction ratio is generally
indicative of soil type (Lunne et al., 1997). In clean quartz sands to siliceous sands, it is
observed that friction ratios are low: Rf < 1%, whereas in clays and clayey silts of low
sensitivity, R¢> 4%. However, in soft sensitive to quick clays, the friction ratio can be quite

low, approaching zero in many instances.
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Figure 5.3 Measurement locations on cone penetrometers: a. Electric Cone
Penetrometer, CPT; b. Piezocone Penetrometer with filter behind tip, CPTuz;
c¢. Piezocone with mid-face filter, CPTus; d. Seismic Piezocone, SCPTu:

The penetration porewater pressures are monitored using a pressure transducer and
porous filter element. These readings represent the fluid pressures between the soil
particles during penetration. At the shoulder position, the pressures are near hydrostatic
in sands (uz = uo) whilst considerably higher than hydrostatic (u2 > uo) in soft to firm to
stiff intact clays. Using values for total stress, cvo, and hydrostatic pore pressure, ug, the
pore pressure parameter, Bq = (U2 — Uo) / (gt - Gvo), is used as a means to normalize CPTu
data for the purpose of soil classification and undrained shear strength estimation. At the
mid-face location (u1), penetration porewater pressures are always positive, while at the
uz location measurements range from positive in intact (i.e., nonfissured) geomaterials to

as low as negative one atmosphere (-100 kPa) in fissured clays and dense silts. The data
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d; = diameter geometry (as shown)
t; = thickness of friction sleeve

u; = measured porewater pressure

q. = measured cone tip resistance

fs = measured sleeve friction

q; = total cone tip resistance

fi = total sleeve resistance

a, = tip net area ratio from triaxial test
b, = sleeve net ratio from triaxial test

hs = height of sleeve

Sleeve Friction:

fe = fs - (ndytu; + mdst;u;)/(nd hy)
ft = fs - bn UZ

Tip Resistance:

dt = dc * (1‘an)u2

Figure 5.4 [llustration of unequal end areas of CPT (after Jamiolkowski et al. 1985)

resulting from a CPT, CPTu, or SCPTu are combined to provide several useful index and

performance parameters.

5.5 Soil Identification and Classification from CPT

Since soil samples are not normally taken during cone penetration testing, then indirect

methods must be utilized in evaluating various soil types of the strata encountered.

Different approaches can be used: (a) correlation with adjacent boreholes and recovered

samples; (b) rules-of-thumb; (c) empirical soil behavioral type (SBT) charts; (d)

probabilistic methods.
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The simple rules of thumb rely on one or more of the cone readings, where a reference
cone tip value gt = 5 MPa (50 tsf) should be identified, whereby measured g+ > 5 MPa
imply clean "hourglass" sands and q: < 5 MPa suggest "vanilla" clays. For the friction
sleeve, it is convenient to plot this in terms of friction ratio, FR = fs/q: (%). As such, clean
sands are identified by FR < 1%, whereas fine-grained soils (silts and clays) exhibit FR >
1%. Lastly, using the porewater pressure channel, it is advantageous to plot the

hydrostatic porewater pressure line as a reference:

Up = hw 'Yw [5.2]

where hy = height of the water (depth less groundwater table) and yw = unit weight of
water (freshwater: yw = 9.81 KN/m3 = 62.4 pcf).

Above the groundwater table, the ambient hydrostatic ug is taken equal to zero in clean
sands; however, in clays and fine-grained materials, up can be negative to account for
capillarity effects depending upon the degree of saturation, recent rainfall, and other site
features. In clean "hourglass" sands, the measured porewater pressures are often close
to hydrostatic (uz = upg). However, if the sands are very dense, dilatancy may result in u;
readings below ug. Below the groundwater table, intact clays can be found by examining
where uz >> uo.

To facilitate the identification of soil types by computer software, a number of empirical
soil behavioral type (SBT) charts have been proposed. Robertson, et al. (1986) presented
a 12-zone SBT system that uses a three-axes plot of cone tip resistance (qt), friction ratio
(FR), and normalized porewater pressure (By). Due to the inconvenience of working with

3-d graphs directly, the system is usually presented in two matched graphs: (a) q: vs. FR
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(%); and (b) gt vs Bq. Other system are also in use for particular geologies (Kulhawy &
Mayne 1990)

In order to account for depth effects on the readings, stress-normalized CPT parameters
have been defined by Lunne, et al. (1997) as follows:

Q = (gt-Ovo)/Svo' [5.3]
F =100-fs/(qt-0vo) [5.4]
For automation in a spreadsheet or software, it is convenient to use the CPT material

index, I which is defined (Robertson & Wride, 1998):

|, =/{3.47 — 10g(Q)} +{1.22 + log(F) ¥’ (5.5]

The aforementioned stress normalization for tip resistance directly with effective
overburden stress works well in soft clays and silts, however in sands the stress
normalization is proportional to the square root of effective stress, probably due to
particle grain crushing effects. In this case, a modified normalized cone tip resistance has
been defined as (Robertson, 2004; 2009):

(qt B GVO) O atm

Q, = 1= [5.6]

O-atm O-VO

where Gatm = 1 atmosphere = 1 bar = 100 kPa and the exponent n is varies with soil type,
with typical values of 1.0 in the general case of clays (lc > 2.95), n = 0.75 for silty soils, and
n = 0.5 for clean sands (l. < 2.05). Since the exponent n is a function in the material index

I which is a function in the modified normalized cone tip reistance Qi which is also a
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function in the same exponent n then an iterative approach is needed to find the
appropriate exponent n to identify the SBT zone number for mixed soil types.

n=0.381-(l_)+0.05-(-2>)-0.15 [5.7]

atm

By plotting the data in terms of Q:, versus F, a modified 9-zone SBT system has been
developed (Robertson, 2009), as presented in Figure 5.5. In this system, basic "vanilla"
clay is found in zone 3 while "hourglass" sands form zone 6. The SBT classifications can be

identified as per Robertson (2009) following Table 5.1 and as plotted in Figure 5.6.

CPT Soil Behavioral Type Chart
1000 —————————— -

100 4

Normalized Cone Resistance, Q,,
o

Friction Ratio, F, = 100 - f./(q- Gys) (%)

Figure 5.5 Colorized Soil Behavioral Type (SBTn) Chart for normalized CPT readings
(after Robertson 2009)
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Table 5.1 Soil Behavioral Type and Zone Number as defined by CPTu Material Index, I.

Class?f(i):ation ZSoBr;re Range CPT Material Index I,
Stiff sands and clays 8and9 (see note 1)
Sands with gravels 7 lerw < 1.31
Sands: clean to silty 6 1.31<Ierw <2.05

Sandy mixtures 5 2.05< Icrw < 2.60
Silty mixtures 4 2.60<Icrw <2.95
CIays 3 2.95<|gw <3.60
Organic soils 2 lcrw >3.60
1

Sensitive soils (see note 2)
Notes: 1. Zone 8 (1.4 < F < 4.5 %) and Zone 9 (F > 4.5 %) and following criterion:

1
Q 0.006 - (F —0.9) —0.0004 - (F —0.9)” —0.002

2. Sensitive soils of zone 1 identified when Q < 12 exp (-1.4 F)

i)
Focal
Paoint
I. = Radius
10040 —
Gty s
Sands {zone 7) to clayey E
= sand =
2 L. =1.31 (zone 8) I Very stiff
y . OC clay
& Sands * to silt
E (zone 6) * (zoned)
o 100 .
i \_‘
[Ty . .
' Sandy Mixtures -
o . = 2.0 (zome 5) ‘_,-""
r ,.‘"
= _.=="  Silt Mix
= Il =260 _=F" {zone
T -
Qs 1) Jore————aagmm===emeaan=z -
% 335‘// Clays
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E and Silts
= (zone ¥ =380 —Brganic Soils
(zone 2)
1 N ' j i ' ' i ' i L J T T T L
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MNormalized Friction, F, =100 f./{q,- 5,0 (%)

Figure 5.6 CPT Soil Classification Zones Using Nine-Part Soil Behavioral Type
(after Robertson 2009)
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5.6 Soil Unit Weight from CPT

A direct relationship for unit weight from CPT resistances has been sought (Mayne, et al.
2010). The findings are given in Figure 5.7 and indicate that the sleeve friction provides a
reasonable first-order estimate on y:. An initial value is assumed in order to process the
first results using o' and then later adjusted based on the derived profile of y: from the

CPT readings. The expression for total unit weight in terms of sleeve friction is:

Ye = 195y, (Geo/catm)0'06 (fs/(fatm)o'06 (5.8]

where Gatm = 1 atmosphere = 1 bar = 100 kPa = 1 tsf. The expression works well in normal
"vanilla-flavoured" clays and "hourglass quartz" sands, but is not applicable to highly

plastic and diatomaceous soils, such as Japanese mudstone or infamous Mexico City clays.

26 ' ' ' i i i i A Clay Till
— i ' ' :
NE 24 _Multlple_ ..... O _________ o & Soft Clays
£ Regression ; 09 g .
< [without ; : : 5 @ Siiff Clays
— 22 " Diatomaceous Soils] ﬁ """"" """"" © Boulder clay
£ = Py, | |
i 20 e T e LR © Fissured Clays
: .
2 18 + O Sifts
é < Stratified Deposits
:E 16 41t S S S S O Sands
= 14 $--- S ‘.‘if.= 1.002 x 3 Regression
—_— )
‘g : :1_- 56?737 + Calcareous Soil
= 121 A QK T T U SEY. =108 T X Mexico City
10 .‘I‘I‘l"‘l‘l‘l"‘l‘l‘l"‘l‘l‘l"‘l‘l‘l‘“l‘l‘l"‘l‘l‘l"‘l‘l‘l_ X Diatom Mudstone

10 12 14 16 18 20 22 24 26

Estimated y; = 1.95 Y, (Gvo'/Gatm)""" (Fs/Catm) "

Figure 5.7 Unit weight directly estimated from CPT sleeve resistance and effective
stress (Mayne et al.,, 2010).
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A direct unit weight relationship with the sleeve friction is also observed, as presented in

Figure 5.8:

14
Ye =26 - 1+[0.5-log (fs+1)]? [5.9a]

where the specific units include: vt (kN/m3) and fs (kPa). Alternatively, a simpler

expression for the majority of sleeve reading ranges is given by:

Y =12+ 1.5In(fs + 0.1) [5.9 b]
26 F
25 T x 1 Diatomaceous Mudstone Vi = 12+15|n(f5+01)
__ 22 +20rganic Peats e
ME 23 £ 059Clays Q e @0 ..'.
E 22 - <© 6 Mixed Soils/Silts O& oD ¢ .’.
= o % Q 1 qf]
~2 21 ¥ oD18Sands 03 LT
o>~ E O O
o 207 E
W 194 .
v F
s 181
2 74
c ;
S 16 +
g 5
g 151 Sands, Silts, and Clays
a 14 ¢ _ n =1009
Q 13 ¥ O cers =1.02 x
s P L )
12 + . G r-=0.623
[ o’ @oq . e . .-
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Figure 5.8 Unit weight directly estimated from CPT sleeve resistance (Mayne, 2014)
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5.7 Effective Friction Angle from CPT

The drained (effective stress) friction angle (¢') of soils is a fundamental property that
controls the strength, behavioral response to loading, and initial stress state. The effective
friction angle of sands (also termed angle of internal friction) represents the strength of
the material in stability analyses and is often required for assessing the coefficient of
lateral stress (Ko), footing bearing capacity, pile end-bearing resistance, and side
resistance in deep foundations. In terms of the commonly-adopted Mohr-Coulomb
strength criterion, the shear strength (Tmax) is expressed:

T=c'+ o} tan¢’ [5.10]
where c' = effective cohesion intercept (generally: ¢' = 0 for unbonded geomaterials). In
most cases, the normal stress can be taken equal to the effective vertical overburden
stress: Gn' =0Ovo'.

For granular soils, the peak friction angle (¢,') of sands is composed of two components:
(1) a basic frictional value (designated ¢cs' for critical state) that is due to particle grain
shape, compressibility characteristics and mineralogy; and (2) a dilatancy term (quantified
by v, the dilatancy angle) which reflects the relative packing of particles (eo or Dg) and
ambient stress level (o' or p'). Together, the two components combine to produce a
peak friction angle:

bp = des + U [5.11]
Characteristic values of ¢cs' are on the order of 322 for quartz sands, 332 for silty quartz

sands with up to 20% fines content, 342 for siliceous sands (approx. half quartz-half
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feldspar), 392 for calcareous sands, and 409 for feldspathic sands (Bolton 1986; Salgado
et al. 2000; Jamiolkowski et al. 2001). The friction angle also depends upon mode of
testing (i.e., plane strain vs. triaxial) and direction of loading (compression vs. extension).
For the assessment of ¢,' of sands from CPT, there are several approaches: (a) use of a
dilatancy framework where qc provides the input value of Dr (Bolton, 1986); (b) inverse
bearing capacity, such as from cavity expansion or limit plasticity theories (Yu & Mitchell,
1998; Schnaid 2009); (c) numerical simulation by finite elements, finite differences,
and/or discrete elements (e.g., Salgado et al. 1998); or (d) direct CPT methods (Lunne et
al. 1997). Because of the difficulties in procuring intact samples of natural sands, many
early approaches were either benchmarked to or based on reconstituted samples where
small triaxial specimens were prepared at similar relative densities and confining stress
levels to those of larger calibration chamber tests subjected to CPTs. The methods of
reconstitution, however, were not standardized (pluviation, compaction, vibration,
sedimentation, moist tamping, slurry). Furthermore, the CPT data were not corrected for
boundary conditions from limited size chambers.

Towards an improved solution, an elite database was compiled from special and
expensive undisturbed samples of clean sands (Mayne 2006). Primarily, these sands were
initially frozen in-place using one-dimensional thermal technologies. After careful
mounting of specimens in triaxial apparatuses with membranes and confinement, they
were allowed to thaw, and then sheared to failure to derive ¢p' corresponding to
undisturbed intact sands. The sites for these sands were subjected to SPT, CPT, and V;

measurements, as well as other lab and field testing.
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The triaxial data from undisturbed sands can be seen to fit nicely with the expression
derived by Kulhawy & Mayne (1990) that was developed on the basis of CPT calibration

chamber data that have been corrected for boundary effects and stress-normalized:

¢° = 17.6° + 11. log | —4/%am)_ [5.12]

(O'llao/o'atm)

The relationship in Figure 5.9 primarily applied to clean quartz to siliceous sands, yet there

is some evidence it has applicability in natural sands with up to 30 percent silt content.
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Figure 5.9 Direct CPT approach for evaluating ¢' in clean sands (Mayne, 2006)
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As for clays an average approximate friction angle value of 28 degrees is assigned

following Figure 4.11.
5.8 Modulus of Elasticity from CPT

Deformation of the ground is an important facet that must be addressed during analysis
and design of the proposed construction. Many office type buildings are built towards
tolerable settlements of less than 25 mm (1 inch), while open structures such as parking
garages are able to withstand up to 50 mm (2 inches) of vertical movement. Large bridge
structures can sustain up to 75 mm (3 inches) displacements, yet earthen embankments
may undergo deflections of 100 to 1000 mm during initial loading, primary consolidation,
and long-term secondary compression (creep). For the latter, the full consideration of
deformations can be expressed:

Stotal = Sinitial T Sconsolidation T Screep [5.13]
as detailed earlier in Section 3.1.

Elastic theory allows for interrelationships between the equivalent elastic Young's
modulus (E), shear modulus (G), and constrained modulus (D) in terms of the Poisson's
ratio, such that:

E=2-G-(1+v) [5.14]

A (D)
1+Vv')(1-2v')

[5.15]

Note that the constrained modulus (designated by the symbol D', but also by the

nomenclature M') takes on only a drained value as it is measured directly in a one-
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dimensional consolidation test (oedometer), while the moduli E and G can have drained
(E' and G') as well as undrained values (E, and G). At the value of v’ = 0, elastic theory
states that the constrained modulus equals the Young's modulus, thus D'/E' = 1. At a
value v’ = 0.2 that is characteristic of sands and granular soils (Jamiolkowski et al. 1994;
Lehane & Cosgrove 2000), the ratio D'/E' = 1.1 and therefore the constrained modulus
and drained Young's modulus are often used somewhat interchangeably. In terms of the

compressibility parameters from consolidation testing, the constrained modulus can be

expressed:
, 1+e ,
oCSoils: D' =——2:In(10)-o, [5.16]
S
. , 1+eo ,
NC Soils: D = -In(10)- o, [5.17]

C

where D' corresponds to the current effective stress state (cvo'). For an approximate
evaluation of the constrained modulus (and drained Young's modulus) from CPT results,
the common approach is expressed in the form:

D" = ap - (qr — oyo) [5.18]
where op is an empirical scaling factor that has been shown to depend upon soil type,
confining stress level, overconsolidation, and other factors (Kulhawy & Mayne, 1990).
Figure 5.10 shows that for wide range of soil types: oap = 5 is an approximate starting
place, excepting soft plastic organic clays and cemented geomaterials. The original
database for this compilation was based on laboratory consolidometer data to provide
the corresponding D' for clays and silts, while the consolidation phase of calibration

chamber tests were used to obtain D' for clean quartz sands (Mayne 2007b).
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For Piedmont residual soils, Mayne & Liao (2004) showed a direct relationship between
the elastic modulus (E') obtained from flat dilatometer tests (DMT) and cone resistance
(g¢) from CPT. This is quite compatible with the aforementioned study for sediments
reported in terms of constrained modulus (D'). Revisiting those data, the net cone
resistance can be used to show the relationship in Figure 5.11.

E' (DMT) =5 (Qt - Gvo) [5.19]

Bothkennar
Drammen
Pisa

Onsoy
Piedmont Silt
Brent Cross
Madingley
Pentre

Lilla Mellosa
Ska Edeby
Montalto
Fucino
Amherst
Evanston

1000 ;

100 {

cemented -

Footing
B=3m

04— o gt : :

Constrained Modulus, D' (MPa)

(¢

Plastic
CLAYS

Footing
B=22m

Trep‘orti
Embankment
D=40m
— Scotland

1

10

Net Cone Tip Stress, q; - 6,, (MPa)

100

..I*DDODOODOD+XDOD+OOOXX>

*

NC Ticino

OC Ticino

NC Toyoura Sand
OC Toyoura Sand
Holmen Sand
Opelika NGES
Bangkok AIT
Cowden UK
alpha
Bothkennar Clay Site
Texas A&M Sand
Venice Silt
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Figure 5.11 Relationship between the DMT elastic modulus and the net cone
tip resistance in Piedmont soils (modified after Mayne and Liao, 2004)

5.9 Stress History from CPT

For estimating the effective preconsolidation stress using the cone penetrometer
readings, a general equation for all types of natural soils, including sands, silts, clays, and
mixed soil types has been introduced by Mayne et al. (2009) as presented in Figure 5.12.

The generalized expression is expressed as:
o, =0.33 - (g — 0yo)™ * (Oaem/100)1~™ [5.20]

where the exponent m'is a parameter that increases with fines content and decreases
with mean grain size. The approximate value of parameter m' = 0.72 in clean quartz sands,
0.8 insilty sands, up tom' = 1.0 in intact clays of low sensitivity, and may even take greater
values in fissured geomaterials. Using the CPT material index I. one can identify the

magnitude of the parameter m’ for general profiling of o,' in homogeneous or
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heterogeneous deposits, as well as mixed soils. Figure 5.13 shows the concluded trends,
based on a review of the investigated data. For basic uncemented and non-structured

soils, the exponent m’ can be estimated as follows:

m=1- 03 5.21
- 1+ (I, / 2.65)20 [5-21]
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Figure 5.12 General Approach to op' interpretation of soils by CPT net cone resistance.
(Mayne, et al. 2009)
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6. Input Parameters Using the Flat Dilatometer Tests (DMT)

6.1 Overview of the Flat Dilatometer Test (DMT)

The flat plate dilatometer test (DMT) is an in-situ method that involves pushing an
instrumented flat steel blade into soils and recording two horizontal pressures at each
test depth. The specific pressure measurements are utilized to obtain stratigraphy and
estimates of geoparameters, including: unit weight, at-rest lateral stresses, elastic
modulus, stress history, and shear strength. The flat dilatometer test (DMT) was

developed in Italy and then introduced in North America and Europe (Marchetti, 1980).

The flat dilatometer test is simple, robust, repeatable, quick, economic, and operator-
independent. The field of application of the DMT is very wide, ranging from extremely
soft soils to dense sands. However, the DMT is difficult to push in very dense and hard
materials and not applicable to gravels. The DMT analyses primarily relies on correlative
relationships and requires calculations for local geologies. No borehole cuttings or spoil
are generally produced by this test, although it is possible to advance a conventional soil

boring and then perform the DMT downhole within the borehole.
6.2 DMT Equipment

The device consists of a tapered stainless steel blade with 18° wedge tip that is vertically
advanced into the ground at 20-cm or 30-cm intervals per ASTM D 6635. The blade has a
cutting edge to penetrate the soil. The steel blade has nominal dimensions of 240 mm

length, 95 mm width, and 15 mm thickness and is connected to a readout pressure gauge.
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The steel blade is connected to a control unit on the ground surface by a pneumatic-
electrical tube (transmitting gas pressure and electrical continuity) running through the
insertion rods. A nitrogen gas tank, connected to the control unit by a pneumatic cable,
supplies the gas pressure required to expand the membrane. The control unit is equipped
with a pressure regulator, pressure gauges, audio-visual signal, and vent valves. A circular
60-mm diameter flexible steel membrane that is located on one side of the blade is
inflated pneumatically to give the pressure readings (Sabatini et al., 2002) . Figure 6.1

shows a flat plate dilatometer blade and the associated control unit.

Figure 6.1 Main Components of the Flat Dilatometer Test: a. Steel DMT blade with
inflatable membrane; and b. Pressure Control Unit
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6.3 Procedures for the DMT

Procedures for the test are given by ASTM D 6635 and Schmertmann (1986). Figure 6.2
provides an overview of the DMT test and its setup. Two calibrations (AA and AB) are
taken before the sounding to obtain corrections for the membrane stiffness in air. The
test starts by advancing the steel blade into the ground at 20 mm/s using common field
equipment such as drill rigs, cone trucks, or hydraulic ram systems. Discrete tests are
performed typically at 200-mm (8-in) depth intervals, or in US practice at 300-mm (1 foot)
intervals.

After blade penetration, the membrane is inflated using nitrogen pressure to obtain two
readings: (a) A-pressure reading, required to make the membrane flush with the flat
blade, and (b) B-pressure reading, required to move the center of the membrane 1.1 mm
into the soil. The membrane is deflated just after the B-reading. The blade is then
advanced to the next test depth and the procedure repeated to obtain another A and B
at each depth. Each depth is accomplished in about 1 minute.

Two calibration readings are taken for membrane stiffness: AA = pressure required in air
to move the flexible membrane inward a distance 0.05 mm; AB = pressure required in air
to move membrane outward a distance 1.1 mm. Each of the pressure readings A and B
are then converted into po (contact pressure) and p1 (expansion pressure), respectively
per Figure 6.2. Additional details on the operations and mechanics of the DMT are given

elsewhere (Marchetti and Crapps, 1981; Marchetti 1999; and Marchetti et al. 2001).
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Figure 6.2 [llustration of Setup and Procedure for the Flat Dilatometer Test (DMT)

6.4 DMT Index Parameters

The field A- and B- readings need to be corrected for membrane stiffness effects to obtain
the liftoff pressure, po, and expansion pressure, p1. Correction of the readings has been
presented by Schmertmann (1986):

po= 1.05(A+ AA— z,)—0.05(B— AB—1z,) [6.1]
p; = B— AB -1z, [6.2]
where AA and AB reported as positive absolute values are the calibration factors for

applied suction and expansion of the membrane in air, respectively, and zm is the gage
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offset zero reading when vented to atmospheric pressure and it is typically set to zero for

a new gage.

The two dilatometer pressures, po and pi1, are combined with the hydrostatic water
pressure, Uo, to provide three index parameters: (a) material index Ip, (b) horizontal stress
index Kp, and (c) dilatometer modulus Ep. These were developed by Marchetti (1980) to
provide information on the stratigraphy, soil types, and the evaluation of soil parameters.
Hydrostatic water pressure (up) can be evaluated based on available groundwater table
information. If not available, then a special "C" reading can be made in clean sands to
evaluate the ug value at that elevation and determine the groundwater table.

The material index, Ip, is related to the soil classification and is presented as:

Ip = (p1 — Po)/(Po — Uo) (6.3]

The above definition of Ip was introduced having observed that the po and pi profiles are
systematically "close" to each other in clay and "distant" in sand. According to Marchetti
(1980), the soil type can be identified: clay: 0.1 <1p<0.6, silt: 0.6 <Ip < 1.8, and sand: 1.8
< Ip < 10. In general, Ip provides an expressive profile of soil type, and for normal soils, a
reasonable soil description.

The horizontal stress index, Kp, is related to the in-situ horizontal stress-state of the soil.
The index Kp will always be greater than Ko due to disturbance caused during insertion of
the blade. This parameter is presented as:

Kp = (po — up)/0'vo [6.4]
Ko provides the basis for several soil parameter correlations and is a key result of the

dilatometer test. The horizontal stress index Kp can be regarded as Ko amplified by the
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penetration (Marchetti et al., 2001). In NC clays; with no aging, structure, cementation;
the value of Kp = 2. The Kp profile is similar in shape to the OCR profile with depth, hence
can be used to better understand the soil deposit and its stress history (Marchetti 1980,

Jamiolkowski et al. 1988).

6.5 Soil Unit Weight from DMT

The total soil unit weight (Y:) can be evaluated from the material index and dilatometer

modulus as presented in Figure 6.3. For spreadsheet use, the approximate expression is:

Yt =112 YW(ED/Gatm)O'l(ID)_O'OS [6-5]

where Y, = unit weight of water and o.:m = atmospheric pressure. For each successive
layer, the cumulative total overburden stress (ovo) can be calculated, as this is needed for
the determination of the effective vertical overburden stress (ovw,'= Ow - Uo) and the

evaluation of the Kp parameter (Mayne et al., 2002).

6.6 Effective Friction Angle from DMT

The peak friction angle in sands can be assessed using the flat plate dilatometer test. A
wedge plasticity solution for the CPT was presented by Marchetti (1985) that was later
cross-correlated for CPT-DMT relationships by Campanella & Robertson (1991). The
wedge solutions relate the DMT lateral stress index (Kp) as a function of ¢’ and lateral
stress state including active, at-rest (NC), and passive conditions. The passive case

provides a generally conservative evaluation of peak friction angle and gives a good
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agreement with field data from different sand sites (Mayne, 2001). The expression for the

passive case as presented in Figure 6.4 can be approximated by a hyperbola in the form:

1

"= 20°+ 6.6
(I) 0.04 + 0.06/Kp [6.6]
20 h /| X Bothkennar
] Clay datafrom Lunne et al. (1990) s
24 1 /- ¢ Brent Cross
& ya ® Canons Park
g 22 + / X Cowden
p 1 >g,
X ] A =" "Clay Till O Drammen
S‘: 20 T + Haga
E ] + Lierstranda
o 18 1
%) ] © Madingley
+— 16 1 X Onsoy
5 _ A SF Bay Mud
C_S 14 T @ Holmen Sand
|9 12 1 ¢ Cornell Filter Sand
] A Opelika Silt
10 —  Lilline

10 12 14 16 18 20 22 24 26

v = 1.12 7y, (Ep/Gam)%t (I5)005

Figure 6.3 Total Unit Weight in terms of DMT Index Parameters (Mayne et al, 2002)

6.7 Modulus of Elasticity from DMT

The dilatometer modulus Ep is obtained from po and pi1 from the theory of elasticity
(Gravesen 1960). For the 60 mm membrane diameter and required 1.1 mm displacement,

it is found (Marchetti 1980):

Ep = 34.7 (p1 — po) (6.7]
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Figure 6.4 Effective Friction Angle of Sands in terms of DMT Horizontal Stress Index
(modified after Mayne 2015)

An example illustrating the evaluation of the dilatometer material index and modulus
from the po and p; readings is illustrated in Figure 6.5 for a local test site in Cherokee
County, GA. The constrained modulus M determined from the flat dilatometer test
(designated as Mpwr) is the drained tangent modulus at o'vo and is conceptually equivalent
to the oedometer modulus obtained in the laboratory (Eces = 1/my). Mpmr can be
evaluated using a correction factor Ru to the dilatometer modulus Ep using an adjustment
factor Rw :

Mpmt = Rum-Ep [6.8]
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Figure 6.5 Illustration of direct evaluation of Ep from DMT readings (Po and P1) at site
in Cherokee County, GA within the Blue Ridge-Piedmont geology
The equations defining Rm as a function of both Ip and Kp are described by (Marchetti
1980) and are given in Table 6.1.

Table 6.1 Equations defining correction factor Ry = Mpm1/Ep

Forlp< 0.6 Rm=0.14 + 2.36 log Kp
Forlp>3 Rm=0.5+2log Kp
Rm = RM,o + (2.5 - RM,o) Iog Kp
6<
For0.6<lo<3 with R, = 0.14 + 0.15 (I - 0.6)
For Kp > 10 Rm=0.32+2.18 log Kp
If Rm < 0.85 Set R =0.85
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The Young's modulus E' of the soil skeleton can be derived from Mpwmr using the theory of
elasticity equation:

_ (@+vhH@a-2vn
-

E' DMT [6.9]

In sands, using a typical value for Poisson's ratio v'= 0.2, then E' = 0.9 Mpwr.

6.8 Stress History from DMT

Initial studies by Marchetti (1980) investigated the relationship between the
overconsolidation ratio (OCR) and the DMT horizontal stress index, Kp. The correlation
was based on the results of database from only five clays that was later investigated by
Mayne (1995) to include data from 24 clays ranging from intact to calcareous to fissured
clays as presented in Figure 6.6. The correlation is expressed in terms of net contact

pressure (po — Uo):

o,' = 0.5+ (po — up) [6.10]
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The database was expanded to include other soil types such as sands and silts (including

Appalachian Piedmont silts and sands) as shown in Figure 6.7.

Equation 6.10 is generally applicable for all soil types and can be used to provide an

estimate for effective preconsolidation stress.
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Appendix A: Guidelines on how to use the Excel spreadsheets
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Guidelines on Using the BC-Settlement Design Spreadsheet using SPT input data

1.

10.

Open the input data tab and enter the project relevant information in the data
entry cells that include: GDOT project ID, project name, project location,
boring number, and the testing date.

Under the input tab, fill the values of ground water table (feet), and the energy
rating (%) of the conducted SPT.

Under the input tab, fill footing input parameters: embedment depth in (feet)
which is the shallowest depth of footing embedment below final grade,
typically taken as 1 ft to account for frost protection (in Georgia), footing
thickness in (feet) which is taken as zero for MSE walls, layer thickness in (feet)
leave as 999 feet unless depth to bedrock refusal is known to account for a
thick homogeneous soil layer, modulus of elasticity of foundation material in
(ksf) which can be taken as 4000 ksf for MSE walls and approximately 600,000
ksf for reinforced concrete.

Under the input tab, check the foundation shape and geometry, if the footing
length (L) is known then fill it in the relevant cell in feet, otherwise determine
if your footing is square (using L/B ratio of 1), rectangular (using 1 < L/B ratio <
10) or strip (using L/B ratio of 10 or more). If the footing width (B) is known or
a specific value needs to be investigated then fill the relevant cell in feet where
the specific L/B ratio for the case under study will be automatically evaluated.
Fill in the specific settlement values that need to be evaluated in inches.

If the bottom of wall footing/leveling pad/spread footing elevation is more
than 5 feet below the ground elevation in your boring log, begin inputting
boring log data from the elevation that corresponds to 5 feet above the
bottom of wall footing/leveling pad/spread footing elevation.

In the input tab fill in the SPT raw readings: fill in the depth (feet) and the SPT
readings, either: (a) individual blows for 6-inch increments #1, #2, and #3; or
(b) the summed up Nmeasured Value in blows per foot.

Fill in each of the soil type cells with depth following the USCS classification
system. The following soil types are recognized in the spreadsheet: PT, OL, OH,
ML, MH, CL, CH, SW, SP, GW, GP, GM, GC, SM, SC, CL-ML, SM-ML, ML-SM, SM-
MH, MH-SM, GP-GC, GP-GM, GW-GC, GW-GM, SC-SM, GC-GM, SP-SC, SP-SM,
SW-SC, SC-H, SM-H, SM-SC, GM-GC, and SW-SM.

After providing the soil type cell according to USCS, a number of unfavorable
problematic soil types will be highlighted, flagged and colored: silts, clays,
organics, and peat. Any mistake in typing the soil type or any non-USCS
classified soils will be flagged as “UNKNOWN”.

Next to the soil type column check if there are any messages of “CONTACT
SENIOR GEOTECH ENGINEER” which will appear in the case of organics with
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11.

12.

13.

14.

15.

16.

17.

18.

19.

low plasticity (OL), or organics with high plasticity (OH), or peat (PT), indicating
the insuitability of the studied location.

Also check if there are any messages of “CONTACT GEOTECH ENGINEER —
CHECK OCR PROFILE” which will appear in case of soft normally consolidated
to lightly over consolidated clays or silts with low overconsolidation ratio
values < 3. A guideline on acceptable and unacceptable OCRs is provided in
Section 4.8 of this report.

Check the percentage of clay readings relative to the total number of readings
which should be acceptable if the value is below 10% and provided that OCRs >
3.

After filling the raw SPT and footing data, any additional notes can be added in
the “additional notes” box provided, for the particular case under study.

After filling the data in the input tab, the averaged geoparameters (soil unit
weight, angle of internal friction, and soil modulus of elasticity) will be
automatically calculated and averaged in the SPT-CALCS tab using a geometric
mean function. The averaged geoparameters exclude any data at depth
smaller than the embedment depth.

Under the Geoparameter Plots tab there will be summary plots of Nmeasured,
Neo, unit weight (y), soil modulus of elasticity (E), angle of internal friction (&),
and overconsolidation ratio (OCR) with a cutoff OCR value of 3 versus depth in
both metric and English units.

Under the summary tab, there will be plots of all LRFD solutions for shallow
foundations bearing capacity and settlement design charts for square,
rectangular, and strip footings on granual soils.

Based on the type of analyses required, choose the corresponding tab for
more details. In the analyses tabs, a default value of 0.2 is assigned for the
Poisson’s ratio of the soil (drained behavior) and of the foundation material.
And since the spreadsheet is evaluating bearing capacity and settlement for
granular soils then a default effective cohesion intercept (c’) value of zero is
assigned. All other values are automatically populated based on previously
entered information.

For factored bearing resistance versus footing width for different settlement
values use the tabs: Constant L, Square, Rectangle, or Strip. If the footing width
(B) is known or a specific value is needed for investigation and filled in the
input data tab, then this value will be calculated and highlighted in green in all
the analyses tables.

The constant L tab will be used if the footing length (L) is known and filled in
the input data tab. Use the square tab in case of square footings with L/B ratio
= 1. For rectangular footings use the rectangle tab with the intermediate value
of 1 < L/B ratio < 10. For strip footings use the strip tab that uses L/B ratio of
10 or more.
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20.

For a different representation of the results, there are plots in terms of
factored bearing resistance versus settlement for different footing width
values. Using this representation there are two options; either a footing with a
constant length L for which you will use the stress-settlement for constant L
tab or a square footing with L / B ratio = 1 for which you will use the stress-
settlement-square tab.

116



Guidelines on Using the BC-Settlement Design Spreadsheet using CPT input data

1.

Open the input tab and enter the project relevant information in the data
entry cells that include: GDOT project ID, project name, project location,
boring number, and the testing date.

Under the input tab, fill footing input parameters: embedment depth in (feet)
which is the shallowest depth of footing embedment below final grade,
typically taken as 1 ft to account for frost protection (in Georgia), footing
thickness in (feet) which is taken as zero for MSE walls, layer thickness in (feet)
leave as 999 feet unless depth to bedrock refusal is known to account for a
thick homogeneous soil layer, modulus of elasticity of foundation material in
(ksf) which can be taken as 4000 ksf for MSE walls and approximately 600,000
ksf for reinforced concrete.

Under the input tab, fill the ground water table (feet).

Under the input tab, check the foundation shape and geometry, if the footing
length is known then fill it in the relevant cell in feet, otherwise determine if
your footing is square (using L/B ratio of 1), rectangular (using 1 < L/B ratio <
10) or strip (using L/B ratio of 10 or more). If the footing width (B) is known or
a specific value needs to be investigated then fill the relevant cell in feet where
the specific L/B ratio for the case under study will be automatically evaluated.
Fill in the specific settlement values that need to be evaluated in inches.

If the bottom of wall footing/leveling pad/spread footing elevation is more
than 5 feet below the ground elevation in your boring log, begin inputting
boring log data from the elevation that corresponds to 5 feet above the
bottom of wall footing/leveling pad/spread footing elevation.

In the input tab, fill in the CPT readings: put the depth (feet) and the
corresponding CPT readings: cone tip resistance (gt in ksf), sleeve friction (fs in
ksf), and porewater pressure (u; in ksf). Hint: The input of CPT data is probably
best accomplished by preparing the CPT data with depth, g, f;, and uz in a
matrix of four columns wide by many rows of the full length of the sounding
and cutting & pasting the data over the input page at the proper columns.

The soil type cell with depth will be automatically evaluated indicating the type
of the soil formation encountered. For the unfavorable problematic soil types
(i.e., silts, clays, and organics) the cells will be highlighted, flagged and colored.
Check if there are any messages of “CONTACT GEOTECH ENGINEER — CHECK
OCR PROFILE” which will appear in case of normally consolidated to lightly
over consolidated clays or silts or sensitive clays with low overconsolidation
ratio values < 3. See Section 4.8 on a discussion of acceptable and
unacceptable OCRs in clays.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Next to the soil type column check if there are any messages of “CONTACT
SENIOR GEOTECHNICAL ENGINEER” which will appear in the case of organic
clays indicating the insuitability of the studied location.

Check the percentage of clay readings relative to the total number of readings
which should be acceptable if the value is below 10% provided that OCRs > 3.
After filling the raw CPT and footing data, any additional notes can be added in
the “additional notes” box provided, for the particular case under study.

After completing the data input, the values of the geoparameters (soil unit
weight, effective friction angle, and soil modulus of elasticity) will be
automatically calculated and averaged in the CPT-CALCS tab using a geometric
mean function. The averaged geoparameters exclude any data at depth
smaller than the embedment depth..

Under the Geoparameter Plots tab there will be summary plots of cone tip
resistance (qt), sleeve friction (fs), and porewater pressure (uz), unit weight,
soil modulus of elasticity, angle of internal friction, and overconsolidation ratio
with a cutoff OCR value of 3 versus depth, reported in both metric and English
units.

Under the summary tab, there will be plots of all LRFD solutions for shallow
foundations bearing capacity and settlement design charts for square,
rectangular, and strip footings on granual soils.

In the analyses tabs, a default value of 0.2 is assigned for the Poisson’s ratio of
the soil (drained behavior) and of the foundation material. A default effective
cohesion intercept (c’) value of zero is assigned. All other values are
automatically populated based on previously entered information.

For factored bearing resistance versus footing width for different settlement
values use the tabs: Constant L, Square, Rectangle, or Strip. If the footing
width (B) is known or a specific value is needed for investigation and filled in
the input data tab, then this value will be calculated and highlighted in green in
all the analyses tables.

The constant L tab will be used if the footing length (L) is known and filled in
the input data tab. Use the square tab in case of square footings with L/B ratio
= 1. For rectangular footings use the rectangle tab with the intermediate value
of 1<L/B ratio < 10. For strip footings use the strip tab that uses L/B ratio of 10
or more.

For a different representation of the results, there are plots in terms of
factored bearing resistance versus settlement for different footing width
values. Using this representation there are two options; either a footing with a
constant length L for which you will use the stress-settlement for constant L
tab or a square footing with L / B ratio = 1 for which you will use the stress-
settlement-square tab.
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Guidelines on Using the BC-Settlement Design Spreadsheet using DMT input data

1.

Open the input tab and enter the project relevant information in the data
entry cells that include: GDOT project ID, project name, project location,
boring number, and the testing date.

Under the input tab, fill footing input parameters: embedment depth in (feet)
which is the shallowest depth of footing embedment below final grade,
typically taken as 1 ft to account for frost protection (in Georgia), footing
thickness in (feet) which is taken as zero for MSE walls, layer thickness in (feet)
leave as 999 feet unless depth to bedrock refusal is known to account for a
thick homogeneous soil layer, modulus of elasticity of foundation material in
(ksf) which can be taken as 4000 ksf for MSE walls and approximately 600,000
ksf for reinforced concrete.

Under the input tab, fill the calibration factor AA (in bars), calibration factor AB
(in bars), and the ground water table (feet). Additional details on the
calibration factors (AA and AB) are provided in Sections 6.3 and 6.4 of this
report. In usual practice, values of these calibration factors are around 0.1 to
0.3 bars.

Under the input tab, check the foundation shape and geometry, if the footing
length is known then fill it in the relevant cell in feet, otherwise determine if
your footing is square (using L/B ratio of 1), rectangular (using 1 < L/B ratio <
10) or strip (using L/B ratio of 10 or more). If the footing width (B) is known or
a specific value needs to be investigated then fill the relevant cell in feet where
the specific L/B ratio for the case under study will be automatically evaluated.
Fill in the specific settlement values that need to be evaluated in inches.

If the bottom of wall footing/leveling pad/spread footing elevation is more
than 5 feet below the ground elevation in your boring log, begin inputting
boring log data from the elevation that corresponds to 5 feet above the
bottom of wall footing/leveling pad/spread footing elevation.

In the input tab fill in the DMT raw readings: input the depth (feet) and the
DMT readings: A and B in bars. Hint: it may prove easier to set up a three
column data set with the readings: depth, A, B; and then cut & paste these into
the Input Cells.

The soil type cell with depth will be automatically evaluated indicating the type
of the soil formation encountered. For the unfavorable problematic soil types
(silts or clays) the cells will be highlighted and colored.

Check if there are any messages of “CONTACT GEOTECH ENGINEER — CHECK
OCR PROFILE” which will appear in case of normally-consolidated to lightly
overconsolidated clays or silts with low overconsolidation ratio values < 3.
Guidance as to acceptable and unacceptable OCRs are discussed in Section 4.8
of this report.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Check the percentage of clay readings relative to the total number of readings
which should be acceptable if the value is below 10%, provided that OCRs > 3.
After filling the raw DMT and footing data, any additional notes can be added
in the “additional notes” box provided, for the particular case under study.
After completing the data in the input tab, the averaged geoparameters (soil
unit weight, effective friction angle, and soil modulus of elasticity) will be
automatically calculated and averaged in the DMT-CALCS tab using a
geometric mean function. The averaged geoparameters exclude any data at
depth smaller than the embedment depth..

Under the Geoparameter Plots tab there will be summary plots of the DMT po
and p1, unit weight, soil modulus of elasticity, angle of internal friction, and
overconsolidation ratio with a cutoff OCR value of 3 versus depth in both
metric and English units.

Under the summary tab, there will be plots of all LRFD solutions for shallow
foundations bearing capacity and settlement design charts for square,
rectangular, and strip footings on granual soils.

In the analyses tabs, a default value of 0.2 is assigned for the Poisson’s ratio of
the soil and of the foundation material. A default effective cohesion intercept
(c’) value of zero is assigned. All other values are automatically populated
based on previously entered information.

For factored bearing resistance versus footing width for different settlement
values use the tabs: Constant L, Square, Rectangle, or Strip. If the footing width
(B) is known or a specific value is needed for investigation and filled in the input
data tab, then this value will be calculated and highlighted in green in all the
analyses tables.

The constant L tab will be used if the footing length (L) is known and completed
in the input data tab. Use the square tab in case of square footings with L/B ratio
= 1. For rectangular footings use the rectangle tab with the intermediate value
of 1<L/B ratio<10. For strip footings use the strip tab that uses L/B ratio of 10 or
more.

For a different representation of the results, there are plots in terms of
factored bearing resistance versus settlement for different footing width
values. Using this representation there are two options; either a footing with a
constant length L for which you will use the stress-settlement tab for constant
L or a square footing with L / B ratio = 1 for which you will use the stress-
settlement-square tab.
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Appendix B: lllustrated Example using SPT data
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Standard Penetration Test Data

GDOT Project ID:

Test Data Number 2

Project Name:

Georgia LRFD Site

Location:

Newnan

Boring Number:

SPT-X552

Date:

18 March 2016

< data entry
& data entry
& data entry
& data entry
< data entry

SPT procedures per ASTM D 1586

Figure B.1 Raw SPT Input Data

FOOTING INPUT PARAMETERS

Embedment Depth, Ds (ft) =
Footing Thickness, t (ft) =

Layer Thickness, h (ft) =

Modulus of Foundation, Egpry (ksf) =

& data entry
& data entry
& data entry
& data entry

Ground Water Table 28 |feet & data entry
Energy Rating 61 % < data entry

Figure B.2 Footing Input Parameters and Energy Rating

FOUNDATION SHAPES and GEOMETRY

Footing Length L (ft) = 100 & data entry if known

Footing Width B (ft) = 8 & data entry if known
Current Case -L/B = 13
Square -L/B = 1
Rectangular - L/B = 5
Strip-L/B = 10

Figure B.3 Foundation Shape and Geometry
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data entry >
data entry >
data entry =
data entry >
data entry >
data entry >
data entry >
data entry >
data entry >
data entry -

Figure B.6 Atlernative (a): Raw SPT Input Data: Depth, Measured N (bpf), and Soil Type

Total Number of Readings
Number of Clay Readings
% Clay Readings

25
3
12.00

Figure B.4 Percentage of Clay Readings

SPECIFIC SETTLEMENT VALUE (in)

0.5

— data entry

1

— data entry

15

— data entry

2

— data entry

25

— data entry

3

— data entry

4

— data entry

Depth SPT Reading USCS
(feet) N-value (bpf) Soil Type

0.00

1.50 12 SM
3.00 18 SC
4.50 22

6.00 26

7.50 28

9.00 15 SM-SC
10.50 16 SW-SC
12.00 17

13.50 19 SM
15.00 22 GW
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CONTACT SENIOR GEOTECH ENGINEER

oL CONTACT SENIOR GEOTECH ENGINEER



data entry >
data entry >
data entry -
data entry -
data entry -
data entry -
data entry -
data entry -
data entry -
data entry -

Figure B.7 Atlernative (b): Raw SPT Input Data: Row Field Blows per 6 inches

Additional Notes:

Raw SPT Blows Per 6 inches

#1 #2 #3 N-value (bpf)
2 8 12
3 9 9 18
4 10 12 22
5 14 12 26
6 14 14 28
6 8 7 15
3 6 10 16
4 10 7 17
5 10 9 19
6 12 10 22

Figure B.8 Additional Notes Box

51 Units
Unit Weight 18.68 kN/m®
Average Friction Angle ¢ 38.496 degrees
Modulus of Elasticity 347.20 bar

Figure B.9 Average Unit Weight, Friction Angle, and Soil Modulus of Elasticity
using SPT Input Data
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Factored Bearing Resistance, q, (ksf)

25

20 +

15 +

10 +

Footing Width, B (ft)

VA
| \ \- For Constant Length, L
| A\ Settlement
Value (in)
= 4.0
Service Limit States for
Settlement =3.0
'~
~. m 25
T~ T m2.0
-~ -,
—~— - —, S
‘_'--.__‘—h‘-"--..___—._"_' D1.5
~— T ®1.0
I — =05
0 2 4 6 8 10 12 14 16 18 20

Figure B.11 Factored BC-Footing Width Design Chart with different settlement contours
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Footing Width, B (ft)

Figure B.12 Factored BC-Footing Width Design Chart with different settlement contours

for Square Footing (Constant L/B ratio = 1)
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Figure B.13 Factored BC-Footing Width Design Chart with different settlement contours

for Rectangular Footing (L/B = 5)
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Figure B.14 Factored BC-Footing Width Design Chart with different settlement contours

for Strip Footing (L/B = 10)
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Appendix C: lllustrated Example using CPT data
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Cone Penetration Test Data

GDOT Project ID: | Test Data Number 1 & data entry
Project Name: XXXXX & data entry
Location: XXXXX < data entry
Boring Number: CPT-01 < data entry
Date: 18 March 2016 & data entry

CPT procedures per ASTM D 5778

Figure C.1 Raw CPT Input Data

FOOTING INPUT PARAMETERS

Embedment Depth, D; (ft) = < data entry
Footing Thickness, t (ft) = & data entry

Layer Thickness, h (ft) = & data entry

Modulus of Foundation, Egpry (ksf) = < data entry

Ground Water Table| 3.28 |feet < data entry

Figure C.2 Footing Input Parameters

FOUNDATION SHAPES and GEOMETRY

Footing Length L (ft) = 100 & data entry if known

Footing Width B (ft) = 8 & data entry if known
Current Case -L/B = 13
Square - L/B = 1
Rectangular -L/B = 5
Strip-L/B = 10

Figure C.3 Foundation Shape and Geometry
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Total Number of Readings

data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =

a5

Number of Clay Readings =
% Clay Readings 0.662

Figure C.4 Percentage of Clay Readings

CPT Readings
Depth (ft) q:(ksf) | f.(ksf) u, (ksf)

0.00

0.46 12.90 0.01 0.00
0.52 19.66 0.04 0.00
0.59 2724 0.05 0.00
0.66 36.87 0.08 0.00
0.72 45 88 0.14 0.00
0.79 52.64 0.16 0.00
0.85 5571 0.20 0.00
092 57.96 22 0.00
0.98 60.83 0.28 0.00
1.05 64.51 0.32 0.00
112 67 38 038 0.00
1.18 7087 039 0.00
125 7435 042 0.00
1.31 77.22 0.46 0.00
1.38 77.21 0.49 0.00
1.44 76.80 0.50 0.00

Figure C.5 Raw CPT Input Data
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Depth (ft) Soil Type

0.00

0.46 gravelly SAND
0.52 gravelly SAND
0.59 gravelly SAND
0.66 gravelly SAND
0.72 gravelly SAND
0.79 gravelly SAND
0.85 gravelly SAND
092 gravelly SAND
0.98 gravelly SAND
1.05 gravelly SAND
1.12 gravelly SAND
1.18 gravelly SAND
1.25 gravelly SAND
1.31 gravelly SAND
1.38 SAND

Figure C.6 Soil Type based on CPTu Input Data

Additional Notes:

Figure C.7 Additional Notes Box

GEOPARAMETER Sl Units English Units
Unit Weight 19.09 kN/m? 0.1215 kef
Average Friction Angle ¢ 39.498  degrees 39.498 degrees
Modulus of Elasticity [39925.55 kPa 833.86 ksf

Figure C.8 Average Unit Weight, Friction Angle, and Soil Modulus of Elasticity
from CPT Input Data
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Figure C.10 Factored BC-Footing Width Design Chart with different settlement contours
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for Square Footing (Constant L/B ratio = 1)
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Appendix D: lllustrated Example using DMT data
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Flat Plate Dilatometer Test Data

GDOT Project ID: | Test Data Number 1 < data entry
Project Name: XXXXX < data entry
Location: XXXXX < data entry
Boring Number: DMT-01 < data entry
Date: 18 March 2016 < data entry

DMT procedures per ASTM D 6635

Figure D.1 Raw Input DMT Data

FOOTING INPUT PARAMETERS

Embedment Depth, D; (ft) =

Footing Thi

Layer Thickness, h (ft) =
Modulus of Foundation, Eqpry (ksf) =

Calibration Factor AA
Calibration Factor AB
Ground Water Table

ckness, t (ft) =

& data entry
& data entry
& data entry
& data entry

0 bar < data entry
0 bar < data entry
3.28 |feet & data entry

Figure D.2 Footing Input Parameters and DMT Calibration Factors

FOUNDATION SHAPES and GEOMETRY

Footing Length L (ft) = 100
Footing Width B (ft) = 8
Current Case -L/B = 13
Square -L/B = 1
Rectangular - L/B = 5
Strip-L/B = 10

& data entry if known
& data entry if known

Figure D.3 Foundation Shape and Geometry
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Total Number of Readings 51
Number of Clay Readings 1

% Clay Readings

1.96

Figure D.4 Percentage of Clay Readings

data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =
data entry =

DMT Readings

Depth (ft) A (bar) | B(bar)
0.00
0.66 240 830
131 210 6.90
1.97 1.80 9.20
262 1.30 7.80
3.28 1.70 8.70
394 3.00 12.20
459 1.90 12.00
5.25 2.60 12.70
591 3.80 13.60
6.56 1.50 900
22 1.90 8.40
7.87 1.40 7.70
8.53 1.90 8.30
9.19 2.00 10.00
0.84 2.10 10.40
10.50 2.00 10.50

Figure D.5 Raw DMT Input Data
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Depth (ft) Soil Type
0.00
0.66 Silty Sand
1.31 Silty Sand
197 Sand
262 Sand
3.28 Sand
394 Sand
4.59 Sand
5.25 Sand
591 Silty Sand
6.56 Sand
722 Sand
7.87 Sand
8.53 Sand
9.19 Sand
0.84 Sand
10.50 Sand

Additional Notes:

Figure D.6 Soil Type based on DMT Input Data

Figure D.7 Additional Notes Box

GEOPARAMETER

Average

Unit Weight

Friction Angle ¢

Modulus of Elasticity

S| Units
18.53 kN/m’
39.412 degrees
43148.34 kPa

English Units
0.1179 kcf
39.412 degrees
901.17 ksf

Figure D.8 Average Unit Weight, Friction Angle, and Soil Modulus of Elasticity
using DMT Input Data
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Figure D.9 Profiles of DMT Input and Output Data
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for Square Footing (Constant L/B ratio = 1)
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Figure D.12 Factored BC-Footing Width Design Chart with different settlement contours
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Factored Bearing Resistance, q, (ksf)

for Rectangular Footing (L/B = 5)
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Figure D.13 Factored BC-Footing Width Design Chart with different settlement contours

for Strip Footing (L/B = 10)
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Figure D.14 Factored BC-Settlement Design Chart with different footing width contours

Factored Bearing Resistance, g, (ksf)

Figure D.15 Factored BC-Settlement Design Chart with different footing width contours
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