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SUMMARY
The graphs used by the Maryland State Highway Administration (MD SHA) for
determining the allowable bearing capacity of shallow foundations are presented in Policy and
Procedure Memorandum Memo No. D-79-18-(4), March 29, 1979. The graphs were originally

published in Basic Soils Engineering by B.K. Hough, published by the Roland Press Company,

1957. The graphs related the Standard Penetration Test (SPT) in blows/ft to the maximum
advisable presumptive bearing value. The major drawbacks to the use of these graphs are that
they do not consider the effects of the depth, shape and the size of the footing, the location of the
water table, and the factor of safety. The graphs are very conservative, which suggests that they
do not provide accurate, cost effective designs, and in the case of a high water table they provide
unsafe values, however, their main advantage is that they are simple to use.

In this study, new graphs were developed to determine the bearing capacity of shallow
foundations as a function of the SPT N-value. The new graphs consider the effect of depth, size
and shape of the footing, type of soil, factor of safety and the location of the water table. The
new graphs are based on the American Association of State Highway and Transportation
Officials (AASHTO) bearing capacity equations.

If laboratory testing is performed on the bearing soils, and engineering properties such as
unit weight, shear strength, compressive strength, etc, are determined, the bearing capacity can
be determined using AASHTO bearing capacity equations, which are included in the report.
Laboratory testing is strongly recommended for cohesive soils.

If no shearing strength testing is performed, the soil strength parameters for granular soils
can be estimated from knowledge of the SPT N-value and the soil strength parameters for

cohesive soils can be estimated from both the soil index parameters and the SPT N-value. Using

1



these estimations the AASHTO equations were then used to establish a correlation between the
bearing capacity and the N-value. These correlations are presented in both table form and graph
form. By knowing the SPT N-value, the width of the footing B, and the depth of the foundation
D, the engineer will be able to come up with a quick estimation of the ultimate bearing capacity
by using the graphs or the tables. These values are not to be used in final design.

The SPT should be used with discreet judgment when it is used to estimate the bearing
capacity of cohesive soils since silt and clay may be stiffened or softened depending on an
increase or decrease of their moisture contents. Although the goal of the present study is to
produce charts providing quick estimates of the bearing capacity, one should not forget that
settlement is a controlling mechanism in foundation design and was not addressed within the

scope of this project.
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x1 and x; Factors as a Function of SPT N-value for a Wall Footing

N X1 X2 N X1 X2

2 14.11 7.91 28 35.08 25.67
4 15.06 8.62 30 37.75 28.15
6 16.09 9.41 32 40.85 31.12
8 17.22 10.28 34 44.12 34.28
10 18.40 11.20 36 47.73 37.83
12 19.74 12.28 38 51.74 41.86
14 21.14 13.42 40 55.96 46.12
16 22.67 14.69 42 60.90 51.27
18 24.34 16.10 44 66.14 56.79
20 26.09 17.59 46 71.96 63.03
22 28.10 19.36 48 78.49 70.18
24 30.21 21.23 50 85.38 77.77
26 32.53 23.32

x1 and x; Factors as a Function of SPT N-value for a Square Footing

N X X2 N X X2
2 21.49 4.75 28 60.02 15.40
4 23.13 5.17 30 65.19 16.89
6 24.94 5.65 32 71.20 18.67
8 26.91 6.17 34 77.61 20.57
10 29.02 6.72 36 84.77 22.70
12 31.41 7.37 38 92.77 25.12
14 33.95 8.05 40 101.23 27.68
16 36.73 8.81 42 111.26 30.77
18 39.79 9.66 44 122.03 34.07
20 43.02 10.56 46 134.06 37.82
22 46.76 11.61 48 147.72 42.11
24 50.72 12.74 50 162.22 46.67
26 55.14 13.99

Ultimate Bearing Capacity as a Function of SPT N-value for a Wall Footing

Soil Type Range of gy in psf | Average of gy in psf
Clays of High Plasticity (CH) (1059 to 1613) N 1336 N
Clays of Medium Plasticity (CL) (505 to 1059) N 782 N
Clays of Low Plasticity and Clayey Silt (SC-ML) (275t0 505) N 390 N

Ultimate Bearing Capacity as a Function of SPT N-value for a Square Footing

Soil Type Range of gy in psf | Average of gy in psf
Clay of High Plasticity (CH) (1265 to 1927) N 1596 N
Clay of Medium Plasticity (CL) (603 to 1265) N 934 N
Clay of Low plasticity and Clayey silt (SC-ML) (329 to 603) N 466 N
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CHAPTER 1
INTRODUCTION
1.1 General Overview
The graphs used by the Maryland State Highway Administration (MD SHA) for
determining the allowable bearing capacity of shallow foundations are presented in Policy and
Procedure Memorandum Memo No. D-79-18-(4), March 29, 1979. The graphs were originally

published in Basic Soils Engineering by B.K. Hough, published by the Roland Press Company,

1957. The graphs, Fig. 1.1 and Fig 1.2, related the Standard Penetration Test (SPT) in blows/ft
to the maximum advisable presumptive bearing value. The major drawbacks to the use of these
graphs are that they do not consider the effects of the depth, shape and the size of the footing, the
location of the water table, or the factor of safety considered. They are also very conservative,
which suggests that they do not provide accurate, cost effective designs, and in the case of a high
water table they provide unsafe values, however, their main advantage is that they are simple to
use.
1.2 Objective of the Study

The objective of the study is to develop new graphs that relate the SPT N-value to the
bearing pressure. The new graphs are to use the American Association of State Highway and
Transportation Officials (AASHTO) bearing capacity equations. The new graphs will thus
consider the effects of the depth, shape and size of the footing, soil properties, factor of safety,
and location of the water table. The challenge here is to have the new graphs as simple to use as

the current ones.
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Prior to developing the graphs, the correlation between the SPT N-Value and the soil
strength parameters based on current research were developed. This is because soil strength
parameters are the needed input into the bearing capacity equation.

1.3 Organization of the Report

This report is divided into six chapters. Chapter II presents the relationships between the
soil properties and the SPT N values. Chapter III summarizes the available bearing capacity
equations, and Chapter IV presents the development of the new graphs. Chapter V shows the
application of both the current and new graphs in several examples, and Chapter VI presents the

conclusion of the study.



CHAPTER 11
SOIL PROPERTIES FROM SPT VALUES

2.1 Overview

To determine the bearing capacity using the bearing capacity equations, the soil
properties should be known. Laboratory testing should be performed as necessary to determine
engineering properties including unit weight, shear strength, compressive strength and
comparisonability. If laboratory testing is not performed, the soil strength parameters for both
granular and cohesive soils as a function of the SPT N-value will be needed. In this chapter the
correlation between the SPT N-value and the soil strength parameters is presented. As discussed
by McGregor and Duncan (1998) the existing correlations generally use the uncorrected SPT
blow count, N. However, hammers delivering 60% of the theoretical energy have been the most
commonly used hammers for SPT tests, and it seems likely that the data on which these
correlations were based was obtained primarily from tests with such hammers. It, therefore,
seems logical to use N¢o with these correlations.
2.2 SPT N-Value Correction

The adoption of the 60% standard energy requires the SPT N-value obtained using any
hammer to be corrected. The correction is done in accordance with the following equation:

Ne =N, -(ER, /60)

where

Ngo = SPT N-value corrected to 60% of the theoretical free fall hammer energy

N SPT N-value obtained in the field

ER¢ = Energy ratio for hammer used in the investigation (measured)

2-1



23 Friction Angle of Granular Soils

The SPT can be used to estimate the in-situ angle of internal friction ¢ for granular soils.
The SPT test is commonly used to estimate the properties of cohesionless soils due to the
difficulty in obtaining undisturbed samples. It should be stated that the SPT number may be
misleading if large-size gravel is wedged into the split spoon sampler, resulting in apparently
high N-values.

The angle of friction of granular soils, ¢, has been correlated to the standard penetration
number. Peck, Hanson, and Thornburn (1953) gave a correlation between N and ¢ in a graphical
form, Fig 2.1, which can be approximated as (Wolff, 1989)

¢°=27.1+0.3N —0.00054N"> (2.1)
In Japan the “Road Bridge Specifications” (Shioi and Fukui 1982) suggests for N> 5,
o =(5N)2 +15 (2.2)
and the “Design Standards for Structures” (Shioi and Fukui, 1982):

@ =03N+27° (2.3)

Table 2.1 shows the values of ¢ as a function of the SPT N-value. The values from equation 2.3,
are very close to the values of equation 2.1. Thus, equation 2.3 is recommended in this study as

a good linear approximation of the relationship between the angle ¢ and the blow count N.
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TABLE 2.1 Angle of Friction from Different Equations

2 27.70 27.60
4 28.29 28.20
6 28.88 24.49 28.80
8 29.46 25.95 29.40
10 30.15 27.25 30.00
12 30.62 28.42 30.60
14 31.19 29.49 31.20
16 31.76 30.49 31.80
18 32.33 31.43 32.40
20 32.88 32.32 33.00
22 33.44 33.16 33.60
24 33.98 33.97 34.20
26 34.53 34.75 34.80
28 35.08 35.49 35.40
30 35.61 36.21 36.00
32 36.15 36.91 36.60
34 36.08 37.58 37.20
36 37.20 38.24 37.80
38 37.72 38.87 38.40
40 38.24 39.49 39.00
42 38.75 40.09 39.60
44 39.25 40.69 40.20
46 39.76 41.27 40.80
48 40.26 41.83 41.40
50 40.75 42.39 42.00

2.4  Cohesion of Cohesive Soils

The SPT N-value for a given clay may vary significantly with seasonal fluctuations in the
water table. Thus, the values may fall short of providing information on the characteristics of the
clay, mainly its strength. There are correlations that estimate the undrained shear strength of
clay as a function of the SPT N-value. These correlations are not as meaningful for sensitive and
medium to soft clays where effects of disturbance during sampler penetration may cause a

lowering in the SPT N-value.
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The Japanese “Road Bridge Specifications” (Shioi and Fukui, 1982) offer a correlation
between the cohesion, ¢, and the SPT N-value for cohesive soils:

¢=(0.061t00.102)N tsf

Sowers (1979) presented the relationship between the SPT N-value and the underained shear
strength S, that is shown in Fig. 2.2. The relationship can be represented by:
For clays with high plasticity:

S, =(0.102t00.179)N tsf

For clays with medium plasticity:

S, =(0.051t00.102)N tsf

For clays of low plasticity and clayey silts:

S, =(0.026t0 0.051)N tsf

In Fig. 2.3 the NAVFAC, 1982 relationships between the SPT N-value and the unconfined
compressive strength are presented. They can be summarized as:
An average relationship for all clays by Terzaghi and Peck: ¢ = 0.066N tsf
For clay of high plasticity, Sowers,
c=0.13Ntsf
For clays of Medium plasticity, Sowers,
¢ =0.076N tsf
For clays of low plasticity and clayey silts, Sowers,
¢ =0.038N tsf
To add further insight into the correlation between the N-value and the shear strength of

fine grained soil, a study by Henmueller (2001) was undertaken and is presented in appendix B.
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In the study, soil borings used in the design of the metro subway system were used for making
comparisons between SPT N-values and the shear strength of fine grained soils. The study
concluded that there is a correlation between the SPT N-value and the shear strength of fine
grained soils. However, sensitive clays indicate less correlation because of their dependence on
moisture content. From the above information, it is concluded that if no test was performed on

the cohesive soils, the following relationships in Table 2.2 could be used:

TABLE 2.2 Relationships Between Shear Strength and N-
values for Cohesive Soils

Type of Clay Cohesion (tsf)
High plasticity (CH) c=0.13N
Medium plasticity (CL) c=0.076 N
Low plasticity and clayey silt (SC-ML) c=0.038 N
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CHAPTER 111
AVAILABLE BEARING CAPACITY EQUATIONS

Due to extensive research in the topic of bearing capacity, numerous methods of analysis
have been developed. The research started by Terzaghi (1943) and was followed by Skempton
(1951), Meyerhof (1951), Hansen (1961), De Beer and Ladanyi (1961), Meyerhof (1963),
Hansen (1970), Vesic (1973, 1975), and others. The most popular and widely used bearing
capacity equations in practice today are the Terzaghi and AASHTO equations. The following is
a short description of each.
3.1 Terzaghi’s Bearing Capacity Equations

The Terzaghi (1943) set of equations were the first to be proposed. They have been very
widely used since then and continue to be in great use mainly because of their relative simplicity.
Terzaghi used trial wedges of the type assumed by Prandtl (1921), expanding and improving on
Prandtl’s theory. The expressions of bearing capacity obtained by Terzaghi are:

Long footings:

qu =cN.+)yDN_ +0.5)BN, (3.1)
Square footings:
qu =1.3¢N, +yDN, +0.4)BN, (3.2)
Circular footings:
qu =1.3¢N, + DN, +0.3yBN, (3.3)

where:
¢ = cohesion of soil
v = unit weight of soil

D = depth of foundation

3-1



B = width of foundation (diameter for a circular foundation)
N, N,, N, = bearing capacity factors that are nondimensional and are only
functions of the soil friction angle, ¢. These factors are shown in Table 3.1.

TABLE 3.1 Terzaghi’s Bearing Capacity Factors

¢ Ne Ny N, ¢ Ne Ny N,

0 5.70 1.00 0.00 26 27.09 14.21 9.84

1 6.00 1.10 0.01 27 29.24 15.90 11.60
2 6.30 1.22 0.04 28 31.61 17.81 13.70
3 6.62 1.35 0.06 29 34.24 19.98 16.18
4 6.97 1.49 0.10 30 37.16 22.46 19.13
5 7.34 1.64 0.14 31 40.41 25.28 22.65
6 7.73 1.81 0.20 32 44.04 28.52 26.87
7 8.15 2.00 0.27 33 48.09 32.23 31.94
8 8.60 2.21 0.35 34 52.64 36.50 38.04
9 9.09 2.44 0.44 35 57.75 41.44 45.41
10 9.61 2.69 0.56 36 63.53 47.16 54.36
11 10.16 2.98 0.69 37 70.01 53.80 65.27
12 10.76 3.29 0.85 38 77.50 61.55 78.61
13 11.41 3.63 1.04 39 85.97 70.61 95.03
14 12.11 4.02 1.26 40 95.66 81.27 115.31
15 12.86 4.45 1.52 41 106.81 93.85 140.51
16 13.68 4.92 1.82 42 119.67 108.75 171.99
17 14.60 5.45 2.18 43 134.58 126.50 211.56
18 15.12 6.04 2.59 44 151.95 147.74 261.60
19 16.56 6.70 3.07 45 172.28 173.28 325.34
20 17.69 7.44 3.64 46 196.22 204.19 407.11
21 18.92 8.26 431 47 224.55 241.80 512.84
22 20.27 9.19 5.09 48 258.28 287.85 650.67
23 21.75 10.23 6.00 49 298.71 344.63 831.99
24 23.36 11.40 7.08 50 347.50 415.14 1072.80
25 25.13 12.72 8.34

3.2 AASHTO Bearing Capacity Equations

In AASHTO, section 4, Foundations, it states that foundations shall be designed to
provide adequate structural capacity, and adequate foundation bearing capacity with acceptable
settlements. According to AASHTO the ultimate bearing capacity may be estimated using the

following relationship for continuous footing (i.e., L > 5B)
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qu =¢N,+0.5/BN, +¢gN, (AASHTO 4.4.7.1-1)

The allowable bearing capacity shall be determined as:

G =4 | FS (AASHTO 4.4.7.1-2)

the modified form of the general bearing capacity equation that accounts for the effects of
footing shape, base inclination, and inclined loads is as follows:

4 =cN.s.bi +0.5yBN s bi +qN s bi, (AASHTO 4.4.7.1.1-1)

SOl rOrty 7°q"4"
where N, Ny, and N, are bearing capacity factors that are functions of the friction angle of the
soil ¢ and are shown in Table 3.2; s, s,, and s, are footing shape factors, i, i,, and i, are inclined
load factors; and b, b,, and b, are inclined base factors; c is the soil cohesion; y is the unit weight
of soil below the footing base; B is the footing width; ¢ is the surcharge load above the footing
base, which is equal to yD where D is the footing depth and v is the unit weight of the soil above
the footing base. AASHTO expressions for shape, and load and base inclination factors are
presented in Table 3.3.

AASHTO states that a minimum factor of safety (FS) of 3.0 against a bearing capacity

failure should be used.
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TABLE 3.2 Bearing Capacity Factors (AASHTO)

¢ N Ny N, ¢ N Ny N,

0 5.14 1.00 0.00 26 22.25 11.85 12.54
1 5.38 1.09 0.07 27 23.94 13.20 14.47
2 5.63 1.20 0.15 28 25.80 14.72 16.72
3 5.90 1.31 0.24 29 27.86 16.44 19.34
4 6.19 1.43 0.34 30 30.14 18.40 22.40
5 6.49 1.57 0.45 31 32.67 20.63 25.99
6 6.81 1.72 0.57 32 35.49 23.18 30.22
7 7.16 1.88 0.71 33 38.64 26.09 35.19
8 7.53 2.06 0.86 34 42.16 29.44 41.06
9 7.92 2.25 1.03 35 46.12 33.30 48.03
10 8.35 247 1.22 36 50.59 37.75 56.31
11 8.80 2.71 1.44 37 55.63 42.92 66.19
12 9.28 297 1.69 38 61.35 48.93 78.03
13 9.81 3.26 1.97 39 67.87 55.96 92.25
14 10.37 3.59 2.29 40 75.31 64.20 109.41
15 10.98 3.94 2.65 41 83.86 73.90 130.22
16 11.63 4.34 3.06 42 93.71 85.38 155.55
17 12.34 4.77 3.53 43 105.11 99.02 186.54
18 13.10 5.26 4.07 44 118.37 115.31 224.64
19 13.93 5.80 4.68 45 133.88 134.88 271.76
20 14.83 6.40 5.39 46 152.10 158.51 330.35
21 15.82 7.07 6.20 47 173.64 187.21 403.67
22 16.88 7.82 7.13 48 199.26 222.31 496.01
23 18.05 8.66 8.20 49 229.93 265.51 613.16
24 19.32 9.60 9.44 50 266.89 319.07 762.89
25 20.72 10.66 10.88
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TABLE 3.3 AASHTO Expressions for Footing Shape, Load and Base Inclination Factors

Shape Factor

For continuous footing (L > 5B): s, =s,=s5,=1

For rectangular footing where L < 5B: s, =1+(B/ L)(N ./ N C)
s, =1+(B/L)tang
s, =1-04(B/L)

For circular footings: B=L
Load Inclination Factors

For ¢ > 0 i, =i, ~|(1~i,)/ N, tang|
For ¢ = 0: i =1-(nP/BLcN,)

i, =[1-P/(Q+BLccoty)]

i, =[l-P/Q+BLccotg)]"”
n=[2+L/B)/(1+L/B)|cos>@+[(2+B/L)/(1+B/L)]sin” @
P = applied shear load

Q = applied normal load

Base Inclination Factors
2
b,=b, = (I-atang)
For¢>0: b, =b, —(l—by)/NC tan ¢
For=0: b, =1-[2a/(x +2)]
o = base inclination angle

However, footings with inclined bases are not recommended
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CHAPTER 1V
DEVELOPMENT OF THE NEW GRAPHS
4.1 Graphs for Footing on Granular Soils
4.1.1 Wall Footing
The AASHTO equation:

4., =cN s.bi. + O.SyBNysybyiy + qus bi

9949
will have: 1) ¢ = 0 for granular soil; i1) s, = s, = s, = 1 for L > 5B; 111) i. = i, = i, = 1 for vertical
load, and 1v) b. = b, = b, = 1 for horizontal base, thus the AASHTO equation will be:

qu = ;/DNq+O.57BN7
—y[DN, +0.57, B]
= ;/[Dx1 + sz]

where x; = N, and x, = 0.5 N,
Figure 4.1 and Table 4.1 show the values of x; and x; as a function of Ngp. Appendix A-1 shows
the determination of x; and x; as a function of ¢.
4.1.2 Square Footing
The AASHTO equation:

4 =cNsb.i. +05yBN s, bi, +qN sb,i

c“c”cc 99949
will have: 1) ¢ = 0 for granular soil; ii) s, = 1 + tan ¢, s, = 0.6; 1i1) i. = i, = iy = 1 for vertical load,
and 1v) b. = b, = b, = 1 for horizontal base, thus the AASHTO equation will be:

q,, = DN (1 +tang)+0.57BN 0.6
— D1+ tang)N, +0.3N, B]
= 7/[D)c1 + sz]

where x; = (1 + tan ¢) N, and x, = 0.3 N,
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x1 and x, factors
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Figure 4.2 and Table 4.2 show the values of x; and x; as a function of Ngp. Appendix A-2 shows

the determination of x; and x; as a function of ¢.

TABLE 4.1 x; and x; Factors as a Function of Ny for a Wall Footing

Niso X X2 Neo X X2
2 14.11 791 28 35.08 25.67
4 15.06 8.62 30 37.75 28.15
6 16.09 941 32 40.85 31.12
8 17.22 10.28 34 44.12 34.28
10 18.40 11.20 36 47.73 37.83
12 19.74 12.28 38 51.74 41.86
14 21.14 13.42 40 55.96 46.12
16 22.67 14.69 42 60.90 51.27
18 24.34 16.10 44 66.14 56.79
20 26.09 17.59 46 71.96 63.03
22 28.10 19.36 48 78.49 70.18
24 30.21 21.23 50 85.38 77.77
26 32.53 23.32

TABLE 4.2 x; and x; Factors as a Function of Ng for a Square Footing

Nso X X2 Neo X X2
2 21.49 4.75 28 60.02 15.40
4 23.13 5.17 30 65.19 16.89
6 24.94 5.65 32 71.20 18.67
8 26.91 6.17 34 77.61 20.57
10 29.02 6.72 36 84.77 22.70
12 31.41 7.37 38 92.77 25.12
14 33.95 8.05 40 101.23 27.68
16 36.73 8.81 42 111.26 30.77
18 39.79 9.66 44 122.03 34.07
20 43.02 10.56 46 134.06 37.82
22 46.76 11.61 48 147.72 42.11
24 50.72 12.74 50 162.22 46.67
26 55.14 13.99
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x1 and x, factors
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4.2 Effect of Water Table

Ultimate bearing capacity should be determined using the highest anticipated ground
water level at the footing location. Depending on the relative position of the water table level to
the level of the base of the footing, three cases can be considered, case 1, depth of water table
below the footing Z,, is larger than the footing width B as shown in Fig. 4.3.; case 2, depth of
water table is smaller than B, and case 3, the water table is above the base of the footing.

The equation for bearing capacity is:

que = 7[x1D + sz]

can be written as

Case3Z,<0
%
Zo

-

I

!

|

e

|

I

3 3 o Case2Z,<B
1
| 3
L < Case1Z,>B
?
Fig. 4.3 Water Table Level
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qu =75 D+y,x,B
where 7y; represent the unit weight of soils above the footing base
and  y, represent the unit weight of soils below the footing base
Casel Z,>B
For both y; and v, use the dry unit weight y4, water table has no effect on the bearing capacity.
Case?2 Z,<B

For vy, use v4, and for y, use

w

B

V2=Vt (7d_7b)

where v, buoyant unit weight of soils equal the saturated unit weight ys,c minus the unit weight
of water yy, 1.€.,
Vo =Vsat =V

Case3 Z,<0
For y; use y4 up to the water table elevation, and vy, up to the elevation of the footing base, and for
Y2 USE Yp.
4.3 Graphs for Footing on Cohesive Soils
4.3.1 Wall Footing

The AASHTO equation:

q,, =cN.s.bi.+05/BN s bi +gN s b,i

ScOcle rSyOrty 7°¢%"q
will have: 1) for ¢ =0, N.=5.14, Ng=1.0 and N, = 0.0

i) s;=sq=s,=1forL>5B

iii) i. = ig =1, = 1 for vertical load

and iv) b, = by = b, = 1 for horizontal base
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thus the AASHTO equation will be:

q,, =c5.14+yD

by neglecting yD, the equation will be
q,, =3.14c
For clay of high plasticity:
¢, =5.14(0.13N)=0.668N tsf

= 1336N psf
For clay of medium plasticity:
quie = 5.14 (0.076N)
=0.391N tsf
= 782N psf
For clay of low plastic and clayey silts:
quie = 5.14 (0.038N)
=0.195N tsf
= 390N psf
Figure 4.4 and Table 4.3 show the ultimate bearing capacity as a function of SPT N-value for a

wall footing.

TABLE 4.3 Ultimate Bearing Capacity as a Function of SPT N-value for a Wall Footing

Soil Type Range of gyi; in psf | Average of gy in psf
Clays of High Plasticity (CH) (1059 to 1613) N 1336 N
Clays of Medium Plasticity (CL) (505to 1059) N 782 N
Clays of Low Plasticity and Clayey Silt (SC-ML) (275 to 505) N 390 N
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4.3.2 Square Footing
The AASHTO equation
9y =CN_.s.bi, +05yBN s bi +gN,sb,i,

will have: 1) for =0, N.=5.14, Ny=1.0and N, =0.0

i) s, =14 021195, s,= 1,5, = 1- 0.4 = 0.6
5.14

iii) 1. = iq = 1, = 1 for vertical load
and 1v) b = by =b, = 1 for horizontal base
thus the AASHTO equation will be:

g, = ¢5.14(1.195)+ D
q. =6.14c+yD
by neglecting yD, the equation will be
q,, =06.14c
For clay of high plasticity:
q,, =6.14(0.13N)=0.798N tsf

= 1596N psf
For clay of medium plasticity:

., =6.14(0.076N)=0.467N tsf

= 034N psf
For clay of low plasticity and clayey silts

G, =6.14(0.038N)=0.233N tsf
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= 466N psf
Figure 4.5 and Table 4.4 show the ultimate bearing capacity as a function of SPT N-value for a

square footing.

TABLE 4.4 Ultimate Bearing Capacity as a Function of SPT N-value for a Square

Footing
Soil Type Range of gy in psf | Average of gy in psf
Clay of High Plasticity (CH) 1265 N to 1927 N 1596 N
Clay of Medium Plasticity (CL) 603 N to 1265 N 934 N
Clay of Low plasticity and Clayey silt (SC-ML) 329 N to 603 N 466 N

4-10



SC-ML

"
N

NN TN TN

LT TR T T
" -'l-':l-:-l-'-l-'-l-'?-'-l-:l-'l

NN
I
NN

Square footing on Cohesive Soils

T T T T T T T
S o o o o o o o
S &S S &S S S S
S v S o S o oS
¥ &0 A a4 a — o~

Jsd b froede) Sureag jewn) dAandunsarg

40

35

30

25

0
Standard Penetration Resistance, blows/ft

2

15

10

Note: Settlement was not considered in the graph.

Ultimate Bearing Capacity as a function of N-value for a square footing.

Fig. 4.5

4-11



CHAPTER V
APPLICATIONS OF CURRENT AND NEW GRAPHS

To show the difference between bearing capacity values determined using the State
graphs and the new graphs that are based on AASHTO equations, the following examples are
presented.

The examples will assume that a footing for a retaining wall rests on level ground and is
subjected to vertical loading. For the retaining wall, the footing can be considered continuous
with its length L larger than its width B (at least L > 5B).

Example 1

For the footing of a retaining wall, calculate the allowable bearing capacity if the footing
width is B ft and its base rests 3 ft below the ground surface. Assume the soil below the footing
is a uniform fine sand with an average value of standard penetration resistance (blows/ft) of 6.
Solution:

a) Using the MD, SHA charts (D-79-18(4)), (Fig. 1.1) the allowable bearing capacity for the
uniform fine sand with 6 blows/ft is 2000 Ib/ft*.

b) Using the new graphs, the allowable bearing capacity is a function of the width B, hence,
it will be calculated in this example for B =2, 4, 6, 8 ft. Assume also thaty =110 Ib/ft.

For a Wall Footing:

qur = 7/[Dx1 + sz]

From Table 4.1, for N= 6, x; = 16.09 and x, =9.41.

Thus: ¢, =110[Dx16.09+ Bx9.41]

ForB=2ftand D=3 ft

., =110[3x16.09 +2x9.41] = 7380 psf
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For a factor of safety of 3, the allowable ¢ is

g = @ = 2460 Ib/fi’

The computations for the other widths use the same equation, with the following results:

B Qult all
(ft) (pst) (pst)
2 7380 2460
4 9450 3150
6 11520 3840
8 13590 4530

Figure 5.1 shows the allowable bearing pressure as a function of the width B plotted using the
state graphs and using the new graphs. As can be seen, the bearing pressure from the State
graphs is very conservative. The result of this is that their use will not provide a cost effective
design.
Example 2
In Example 1, a low blow count was used for the sand. In this example, all parameters
are the same as in Example 1, except the blow count is 30.
Solution:
a) Using the MD, SHA chart, (D-79-18(4)), the allowable bearing capacity for the uniform
fine sand with 30 blows/ft is 6000 Ib/ft’.
b) Using the new charts, for a blow count of 30, x; = 37.75 and x, = 28.15.
Then

g, =110[Dx37.75+ Bx28.15]

ForB=2ft
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G, =110[3x37.75+ 2% 28.15] = 18650

For a factor of safety of 3

18,650

g = = 6217 Ib/ft’
The computations for the other widths are thus:

B Quit qall

(ft) (psf) (pfs)
2 18,650 6,217
4 24,844 8,281
6 31,036 10,346
8 37,230 12,410

Figure 5.2 shows the allowable bearing pressure as a function of the width B plotted
using the State graphs and using the new graphs. Again the State charts produce very
conservative results.

Example 3
In this example, the footing of the retaining wall of Example 1, is now resting on clayey
soils with an average blow count of 10 blows/ft.
Solution:
a) Using the MD, SHA charts (D-79-18(4)), (Fig. 1.2) the allowable bearing capacity
will range from 1000 psf to 2800 psf.
b) Using the new graphs, the allowable bearing capacity is a function of the type of clay.
If the clay is of medium plasticity, g, for a factor of safety of 3 will vary from 1680
to 3913 psf. If the clay is of high plasticity, g.; will vary from 3913 to 5967 psf.

Again the State charts produce very conservative results.
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CHAPTER VI
CONCLUSIONS

In this study, new graphs were developed to replace MD SHA graphs for determining the
allowable bearing capacity of shallow foundations, Policy and Procedures, Memorandum Memo
No. D-79-18-(4), March 29, 1979, relating the SPT N-value to the maximum advisable
presumptive bearing value. The new graphs consider the effect of depth, size and shape of the
footing, type of soil, factor of safety, and the location of the water table. The new graphs are
based on the AASHTO bearing capacity equations. By knowing the SPT N-value, the width of
the footing B, the depth of the foundation, D, the engineer will be able by using the graphs to
came up with a quick estimation of the ultimate bearing capacity.

The SPT should be used with discrete judgment when it is used to estimate the bearing
capacity of cohesive soils since silt and clay may be stiffened or softened depending on an
increase or decrease of their moisture contents. Additionally, the SPT number may be
misleading if large-size gravel is wedged into the split spoon sampler resulting in apparently high
N-values.

Although the goal of the present study is to produce charts providing quick estimates of
the bearing capacity, one should not forget that settlement is a controlling mechanism in

foundation design and was not addressed within the scope of this project.
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A.l. x; and x; factors as a function of Ng and ¢ for a wall footing

N60 (p X1 = Nq I\Iy Xy = O.SNY
2 27.60 14.11 15.82 7.91
4 28.20 15.06 17.24 8.62
6 28.80 16.09 18.82 9.41
8 29.40 17.22 20.56 10.28
10 30.00 18.40 22.40 11.20
12 30.60 19.74 24.55 12.28
14 31.20 21.14 26.84 13.42
16 31.80 22.67 29.37 14.69
18 32.40 24.34 32.21 16.10
20 33.00 26.09 35.19 17.59
22 33.60 28.10 38.71 19.36
24 34.20 30.21 42.45 21.23
26 34.80 32.53 46.64 23.32
28 35.40 35.08 51.34 25.67
30 36.00 37.75 56.31 28.15
32 36.60 40.85 62.24 31.12
34 37.20 44.12 68.56 34.28
36 37.80 47.73 75.66 37.83
38 38.40 51.74 83.72 41.86
40 39.00 55.96 92.25 46.12
42 39.60 60.90 102.55 51.27
44 40.20 66.14 113.57 56.79
46 40.80 71.96 126.06 63.03
48 41.40 78.49 140.35 70.18
50 42.00 85.38 155.55 77.77
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A.2. x; and x; factors as a function of N4 and ¢ for a square footing

Nso [0) 1 +tan @ Ny X1 N, X2
2 27.60 1.523 14.11 21.49 15.82 4.75
4 28.20 1.536 15.06 23.13 17.24 5.17
6 28.80 1.550 16.09 24.94 18.82 5.65
8 29.40 1.563 17.22 2691 20.56 6.17
10 30.00 1.577 18.40 29.02 22.40 6.72
12 30.60 1.591 19.74 31.41 24.55 7.37
14 31.20 1.606 21.14 33.95 26.84 8.05
16 31.80 1.620 22.67 36.73 29.37 8.81
18 32.40 1.635 24.34 39.79 32.21 9.66
20 33.00 1.649 26.09 43.02 35.19 10.56
22 33.60 1.664 28.10 46.76 38.71 11.61
24 34.20 1.679 30.21 50.72 42.45 12.74
26 34.80 1.695 32.53 55.14 46.64 13.99
28 35.40 1.711 35.08 60.02 51.34 15.40
30 36.00 1.727 37.75 65.19 56.31 16.89
32 36.60 1.743 40.85 71.20 62.24 18.67
34 37.20 1.759 44.12 77.61 68.56 20.57
36 37.80 1.776 47.73 84.77 75.66 22.70
38 38.40 1.793 51.74 92.77 83.72 25.12
40 39.00 1.809 55.96 101.23 92.25 27.68
42 39.60 1.827 60.90 111.26 102.55 30.77
44 40.20 1.845 06.14 122.03 113.57 34.07
46 40.80 1.863 71.96 134.06 126.06 37.82
48 41.40 1.882 78.49 147.72 140.35 42.11
50 42.00 1.900 85.38 162.22 155.55 46.67

A-3




APPENDIX B

Shear Strength vs. SPT-values

B-1



ENPM 808
Advanced Topics in Engineering
Independent Study - University of Maryland
Shear Strength of Fine-Grained Soils

VS.
SPT-Values

By:

Eric C. Henmueller, P.E.
May 15, 2001

Advisor:

Dr. M.S. Aggour
University of Maryland
Dept. of Geotechnical Engineering



Abstract

The in-situ shear strength of fine-grained-cohesive soils is difficult to predict with the
Standard Penetration Test (SPT). While many papers have been published regarding the
prediction of bearing capacity and settlement characteristics of coarse-grained soils by SPT,
relatively few attempts have been made to draw a correlation between shear strength of fine-
grained soils and SPT’s. This study attempts to find a correlation between shear strength and
SPT N-values, and provide a comparison with published correlations.

Introduction

The body of data used for this analysis is drawn from soil borings performed by Mueser,
Rutledge, Wentworth & Johnston, New York, New York for design of the Washington
Metropolitan Area Transit Authority (WMATA) or Metro. The design of the Metro subway
system required hundreds of soil borings. This study was limited in scope to four Metro lines
located primarily in southeast and southwest Washington, D.C. and portions of Prince George’s
County. Many more soil borings are available, however, the geology of the northern and western
portion of the Metro is primarily Piedmont. The Piedmont soils are generally residual silt and
sand overlying disintegrated rock and bedrock. The scope of this study was limits to the fine
grained soils generally found interlayered in Terrace deposits or Sedimentary deposits of
southern D.C.

Summary of the Metro Line Location and General Geology

The boundary between two major geographic provinces of significantly different
characteristics passes through the District of Columbia. The southeastern portion of the District
and Prince Georges County, Maryland lies in the “coastal plain” which consists of a broad belt of
flat-lying sediments over deep bedrock. The northwestern portion of the District lies within the
“Piedmont” province which comprises of a relatively thin cover of overburden above crystalline
bedrock, the surface of which dips to the southeast beneath the coastal plain deposits. The “fall
line” which is the boundary between these geologic units extends southwest from a line along the
Montgomery County boundary through Farragut Square crossing the Potomac River just north of
Roosevelt Island and passing to the west roughly on the line of Sprout Run in North Rosslyn.

The Metro routes that were selected for this study reside within the coastal plain portion
of Washington, D.C. The four routes detailed in this report include the Branch Route, B & O
Route, New Carrollton Route, and the L Enfant-Pentagon Route. Refer to Figure 1, Metro Route
Locations, for a plan view of the location for each route.

A summary of the subsurface conditions and general geology for each Metro route
selected follows:

New Carrollton Route

The section of the New Carrollton route summarized herein is located between Minnesota
Avenue and the District line along the trackage of the Penn Central and B&O Railroads. This
area is the community of Kenilworth in southeastern District of Columbia.



The geologic profile appears fairly consistent with typically about 50 to 70 feet of
Pleistocene terrace deposits overlying hard Cretaceous clay. The surface of the clay typically
appears between El =10 and —30. The Pleistocene soils are made up of a complex interlayering
of clay lenses and sandy gravelly material. Soil borings generally indicated the Pleistocene soil
to be medium stiff and of moderate compressibility. As the track runs at or near existing grade
for this section, laboratory testing was concentrated in the Pleistocene soils.

Branch Route

The section of the Branch route summarized in this report is bounded by the approximate
intersection of Half Street and M Street in southwestern Washington and the intersection of
Branch Avenue and Henson Creek. The line extends east from its origin to cross the Anacostia
River near the Washington Navy Yard. The line continues to extend southeast into Prince
Georges County to its termination point. The total length of the section is about 6.5 miles.

L Enfant-Pentagon Route

The L’Enfant-Pentagon Route is comprised of two sections. Section one addresses the
Potomac River crossing and section two addresses the overland route. The route begins at the
intersection of Frontage Road and 7% Street, SW, turns to the west to cross Washington Channel,
East Potomac Park, and the Potomac River and continues west to join the Huntington Route just
east of Pentagon Station.

B & O Route

The B & O Route begins at 12" ‘and G Streets, NW in the District of Columbia and
extends a distance of about 10 miles to Brookville Road in Maryland. The geologic conditions
in the downtown portion of the line between 12" and G Streets and extending through Judiciary
Square consist of 50-foot terrace deposits overlying Cretaceous Potomac material. Shallower
terrace deposits of about 25 feet are found between D Street, NW and the engine and coach yards
serving Union Station. Also in this area is Tiber Creek and tributaries. From Union Station
north to Blair Park, the line generally follows the B & O Rail line and alternates between fill soil
profiles in stream channels and cuts in Cretaceous materials. As the line extends north of Blair
Park, the Piedmont terrain is encountered with the track elevation generally residing in
decomposed rock above bedrock.

Laboratory and Field Test Summary

Three types of shear strength testing was generally performed on soil samples recovered
from Metro borings. These tests included the unconfined compression test and the
unconsolidated-undrained triaxial shear test. This study focused on the shear strength results
from the two former tests or the unconfined compression and the unconsolidated-undrained
triaxial shear tests. These tests are primarily performed on fine-grained soils.

The tests were performed on 2 inch and 3 inch tube samples recovered from the borings
as essentially unaltered moisture content. The triaxial tests were performed in a triaxial cell with
a confining pressure applied without permitting drainage. The confining pressure restricts failure
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that may occure at low stresses due to sand pockets, seams, or fractures that may exist in the
sample. Confinement also some what compensates for sample disturbance. In theory,
undisturbed, homogeneous, saturated samples of clay from a singular stratum sheared at different
confining pressures would all exhibit the same deviator stress at failure. As such, the Mohr
circle envelope for such a series of tests should plot as a straight line. However, since
homogeneous samples do not exist in nature and instead will have traces of sand or incomplete
saturation, the shear strength recorded for a sample tested at increasing confining pressure will
often return a slightly increased test strength.

The triaxial shear strength values plotted in this report are typically an average of two or
three triaxial shear strength values recorded for a particular sample. In several cases, an
unusually high or low strength value was reported in the testing. In such cases, the unusually
high or low value was omitted from the average value recorded in the graphs. The unusually
high or low value may have been a result of sample disturbance, testing error, or a combination
of the two.

Laboratory testing performed on selected samples from the four routes selected for this
study are summarized in Appendix B. The summary includes the following index, classification,
and physical properties:

Sample Identification

. Boring Number

° Sample Number

o Sample Depth

o Stratum Designation
. N-Value

Classification Properties

e Natural Water Content for Entire Sample
Liquid Limit
Plasticity Index
Natural Water Content for Limit Sample
Specific Gravity
Soil Type (Unified Soil Classification System)
Percent Sand
Percent Finer than 200 Sieve

Physical Properties
e Compressive Strength (TSF)
Water Content at End of Test (%)
Strain at Failure (%) '
Type of Test
Deviator Stress
Confining Pressure
Natural Water Content
Natural Water Content at End of Test
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Note that all properties were not measured for each sample. Particularly in the case of specific
gravity, percent sand, and percent finer that the 200 sieve.

Test Procedures and Data Collection

Standard Penetration Test

The soil boring standard is ASTM D 1586 — Standard Test Method for Penetration Test
and Split-Barrel Sampling of Soils. The test standard is presented in Appendix C.

N-values were obtained from the Metro borings at approximately the depth at which
shear strength testing was performed. N-values indicate the penetration resistance in blows per
foot of a 2 inch O.D., 1-3/8 inch LD. split-spoon sampler driven with a 140 pound hammer
falling 30 inches. After the initial set of 6 inches to set the sampler in undisturbed material, the
number of blows required to drive the sampler an additional 12 inches has been taken as the N
value. In the event 30 or more blows were required to drive the sampling spoon the initial 6-inch
interval, the sampling spoon is driven to a total penetration resistance of 100 blows or 18 inches,
whichever occurs first. The sampling operation is generally terminated after a total of 100
hammer blows and the depth of penetration is recorded.

The standard penetration test is traditionally performed using a rope and pulley apparatus
to raise and drop the 140 pound hammer. However, ASTM D-1586 also allows for the option of
an automatic hammer apparatus. Testing for the two methods has shown that the auto hammer
method generally imparts about 30 percent more energy to the split sampling spoon. As such,
blow counts are generally lower on average for the auto hammer method when compared with
the rope and pulley method.

The test method used for the Metro borings was consistently the rope and pulley method
of sampling. As such, corrections should not be required when comparing data collected from
different Metro lines.

Analysis of Shear Strength vs. N-Values

A problem that is inherent with comparisons of shear strength and N-values is the fact
that when an undisturbed tube sample is recovered, N-values are typically not obtained. As such,
some amount of interpolation is required to arrive at a relatively accurate estimate of N-value for
a particular sample depth. In most cases the N-value can be obtained from a SPT taken 5 feet
above or 5 feet below the depth of the tube sample. In some cases however, as many as 5 or 6
tube samples may be recovered from a single boring. This situation results in few SPT results
from that boring. In such cases, the boring immediately up-station or down-station may indicate
the same stratum at the tube sample depth. If the stratum is continuous and the depth of sample
is equal, the SPT may be interpolated for the adjacent boring.

In several borings the undisturbed sample depth was 80 feet or more. Error may be
introduced in the N-value measurement at these depths, however, the N-value is generally
accepted as accurate without adjustment to a depth of about 100 feet. The method of sampling
will often vary between drilling operators. Within the standard test procedure, there are
presented two methods for raising and dropping the 140 Ib. anvil for the N-value count. These
procedures are discussed above. Use of both procedures on the same project may result in error
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if the drop method is not taken into account. Since the Metro borings were performed under the
oversight of Mueser Rutledge, I believe the sampling method remained relatively consistent for
all borings. Therefore, I believe that this resulted in a reasonably consistent body of data from
which to draw data.

Discussion of Results

The data collected from the four Metro lines has been reduced to six graphs. The graphs
are divided into two groups — Unconfined Compression Test vs. N-value and Triaxial Shear Test
vs. N-value. Within each group, the data has been divided into fat clay, lean clay, and organic
silt, respectively, vs N-value. The graphs of each soil group are presented in Appendix A. Also
presented on the graphs exhibited in Appendix A are lines which indicate minimum and
maximum values of cohesion as demonstrated by the equations for cohesion by Sowers, 1979.

A relationship between N-values and undrained shear strength (after Sowers, 1979) is
also presented in Appendix C. The equations for cohesion by Sowers may be demonstrated as:

¢ =(0.102 to 0.179) N tsf - for fat clay soils
¢ =(0.051 to 0.102) N tsf - for lean clay soils
¢=(0.026 to 0.051) N tsf — for silt soils

A shear strength equation was also developed by Shioi, Y. and Fukui, J. (1982). The
equation for cohesion by Shioi, Y. and Fukui, J. may be demonstrated as:

¢ =(0.061 to 0.102) N tsf, where N = N-value for the sample tested.

The Shioi, Y. and Fukui, J. equation is applicable for lean clay soils and compares closely
with Sowers equation for lean clay.

Correlations between shear strength and N-values have also been demonstrated in several
articles by Ladd et al. (1977), Casagrande (1966), de Mello (1971), Schmertmann (1971) and
Mitchell et al. (1978). Schmertmann and Mitchel note that lower blow counts may be a result
during sampling of sensitive clays due to strength loss during sampling. Ladd indicates that
shear strength values are of little value unless the clay soils are relatively stiff and insensitive.

The graphical results prepared by Sowers generally indicate shear strength increasing
with increased N-value. Shear strength also increases relative to N-value from a relatively low
shear strength for silt, to a relatively high shear strength for fat clay.

The graphs prepared from the Metro borings indicate a similar pattern for the organic silt
and lean clay data. However, the fat clay data resulted in a relatively scattered data collection.
This scattering may be a result of interpolation during data collection. The samples classified as
fat clay may also have had sand seams or fissures that may result in a lower than expected shear
strength. Moisture content varied considerably for fat clay samples tested. It is likely that high
moisture content resulted in lower than average shear strength values.
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Variations also exist within the Unified Soil Classification System’s definition of a
particular soil type. This aspect of the classification system may result in variation of shear
strengths for a particular soil classification.

Conclusions

Graphical results for the lean clay and organic silt classifications indicate a correlation
with Sowers (1979) and Shioi, Y. and Fukui, J. (1982). However, the fat clay soils indicate less
correlation, in part, due to the high moisture content of a large number of samples tested. This is
in general agreement with Ladd (1977) in that sensitive clays tend to return erratic results that
appear to be dependant on moisture content.

I believe the Metro boring data is a valuable base of information for making comparisons
between SPT values and shear strength of fine-grained soils. The Metro borings may also be
used to develop general subsurface outlines for selected areas throughout Washington, D.C. 1
believe a comparison between N-values and shear strength may be more useful if additional
borings were performed with the explicit purpose of obtaining N-values at the same elevation as
the tube sample extraction.

Figure 1: WMATA Metro Site Map

Appendix A:
Shear Strength vs. N-Value Graphs
1) Lean Clay — Unconfined Compression Test
2) Lean Clay — Triaxial Shear Test
3) Organic Silt — Triaxial Shear Test
4) Fat Clay - Triaxial Shear Test
5) Fat Clay — Unconfined Compression Test
6) Organic Silt - Unconfined Compression Test
Appendix B:
Summary of Metro Data (16 Pages)
Appendix C:
Shear Strength vs. N-value (after Sowers, 1979)
Appendix D:
ASTM D 1586 — Standard Test Method for Penetration Test and Split-Barrel Sampling of
Soils.
Appendix E:
References
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APPENDIX A
Shear Strength vs. N-Value Graphs

Lean Clay — Unconfined Compression Test
Lean Clay — Triaxial Shear Test

Organic Silt — Triaxial Shear Test

Fat Clay - Triaxial Shear Test

Fat Clay — Unconfined Compression Test
Organic Silt - Unconfined Compression Test
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APPENDIX B

e Summary of Metro Data (16 Pages)



SAMPLE IDENTIFICATION

CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES
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CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES
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Q 086 20 210 21.0
sU 280 35| 20 31 17 20 cL
14U  56.0 32| 24 67 48 24 CH
66U 5U 211 12 22 cL 063 20 1] Q 075 05 240 240
Q 088 20 250 24.0
6U 260 12 27 33 19 22 cL 096 29 18] Q 070 05 250 250
Q 096 10 310 310
7V 29.0 12| 31 cL Q 103 10 250 240
Q 043 20 37.0 360
sU 340 20] 29 50 35 22 cL Q 110 05 350 350
Q 113 10 280 270
10U  36.0 22| 21 cL Q 177 20 13.0 120
68U 3U 111 7| 13 21 8 12 cL 386 12 6 | Q 157 05 140 140
Q 249 10 150 150
Q 187 20 160 16.0
sU  36.1 0] 29 279 CL Q 099 05 300 300
Q 094 10 260 260
Q 115 20 260 250
7 48 16.0 0] 18 35 16 18 cL 140 19 6
180 18 6
730  4U 159 22| 23 CH 274 23 13| Q 134 05 230 230
Q 184 10 23.0
Q 181 20 240 240
50 210 22| 22 88 72 21 CH Q 154 05 230 230
: Q 300 10 200 200
Q 232 20 230 230
6U 260 22| 21 76 64 20 CH Q 375 10 210 200
Q 302 20 180 180
7V 310 22| 15 CH Q 535 05 160 16.0
Q 489 10 140 140
Q 425 20 160 16.0
10U 46,0 27| 24 82 66 24 CH
74 9s 408 5| 23 77 63 22 CH 280 22 10
254 24 20
- 10S 457 51 17 CH 555 17 6
627 17 - 6
617 18 6
76 65 260 64| 20 70 52 21 CH 500 20 10
461 20 8
78 310 45 ] 30 cL 180 24 13
084 35 7
77 78 310 a2 21 51 31 21 CH 226 20 18
123 21 4
8s 360 42 23 CH 176 23 2
161 24 4
366 23 4
98 410 a2 23 59 35 22 CH 292 23 11




PHYSICAL PROPERTIES

SAMPLE IDENTIFICATION CLASSIFICATION PROPERTIES Urnsormed
N Triaxial Compression
Compression
"3 E 3 k] - ‘5
: 5 § 2 E 2 Pz
g 5 5 € ols 4§ £ S 5 %
s |8 . 8 3 g8lg 3 ¢ . § %
3 £ 2 5 2 S 5o 3 Sl % 5 8 8 5 z
5 s & & S5g =z 2 st 8 § |2 2 5|8 5 & 3§ &8
3 A £ ® = w [ 3
z F o |28 5 2 25 9 & o tl 8g s|% 3 £ 3 S
2 2 25 2|z 3 S §s € £ B sls. € |5 § & E ;
% E EE >l38 3 8 §E £ z ¢ if|Es sy ElE 3 B 0§ )
@ g o 8 2128 S & 23 & & ® 0 2F B2 g o =z 2¢
298 23 10
118 510 42 21 CH 124 21 8
179 21 13
066 21 6
79 15U 66.0 55 20 64 48 18 274 CH 366 19 6 Q 249 10 210 200
Q 243 20 210 210
16U 707 62 13 CH Q 69 05 130 13.0
17U 757 62 19 CH 482 18 10
81 58 21.0 15 38 62 38 32 CH 240 36 2
274 32 2
[ 1.66 38 2
6S 26.0 20 43 CL 043 43 3
0.15 43 3
046 41 2
78 307 40 39 SM+CL 085 26 3
246 40 4
118 50.7 60 24 50 21 21 ML 81 19 ] 166 28 6
540 24 4
82u 5U 21.0 8 39 60 29 35 266 CH Q 096 05 40.0 40.0
Q 119 10 400 390
Q 134 20 380 37.0
6U 26.0 8 35 CH 137 32 3
37 3
7Y 28.0 8 36 76 45 36 CH Q 143 10 370 36.0
U 33.0 8 34 CH 140 33 8 Q 132 05 330 330
Q 138 20 340 330
10U 36.0 22 34 63 38 31 266 CH 110" 34 7 Q 112 10 300 290
11U 39.0 25 28 CH 068 34 8 Q 134 05 340 330
Q 129 20 340 320
120 410 35 32 CH 170 29 2 Q 194 05 340 330
Q 326 20 320 31.0
13U 440 52 32 58 29 31 278 CH 120 33 4 Q 158 10 330 320
14U 460 52 33 CH Q 133 05 340 330
Q 150 10 320 320
Q 210 2.0 340 33.0
15U 51.0 x 33 CH+ML 201 32 5 Q 151 2.0 340 33.0
17U 60.7 30 38 37 37 262 CH Q 553 05 380 380
Q 390 10 380 370
21U 80.6 24 26 ML 216 25 3 -
83 58 21.0 13 38 65 43 38 CH 097 39 6
119 38 )
108 37 8
78 31.0 20 32 CH 142 31 4
221 32 4
476 32 6
9s 41.0 33 25 57 29 34 CH 155 26 3
530 21 3
445 24 2
84U 4U 21.0 15 35 CH 037 31 4 Q 117 05 360 35.0
' Q 118 10 360 36.0




SAMPLE IDENTIFICATION

CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES

Uncontined

Compression

Triaxial Compression

8 I o 5 . 8
c 8 5 s |8 2 - 8 32
2 5 5 & sz & ¢ £ 5 %
£ 3
3 g 5 ;g 5 5 . £ X g 8 8 5 =
E s & % s =« 2 3% ¢ 12 £ 5|3 £ ¢ § £
2 £ 80 _[5F E ; 3§ o Elg 5. €& 8 5 2 %
o 2 ® E S 159 - 3 - 8 2 1S ° - |® O ] 5 s £ ot (4]
£ e oe: FlES 3 0§ :: %3OS 4 fles iy oil: § 0§ § iy
8 § 3 5 2|85 & 8 5E 2 B o Llge g8 |5 &8 3 § 3%
Q 137 20 450 38.0
5U 26.0 25 33 68 43 32 276 CH Q 139 05 340 340
Q 131 10 340 340
Q 101 20 350 350
6V 31.0 42 33 CH 270 32 4 Q 226 50 380 380
Q 261 10 310  31.0
Q 266 20 300 300
8u 40.7 47 35 61 34 36 275 CH 238 33 3
12U 610 28 55 85 58 48 275 CH Q 284 05 640 640
Q 384 10 590 59.0
! Q 279 20 490 490
14U 705 31 21 43 10 20 ML 57 43 | 509 20 4
85 6S 26.0 17 38 55 23 36 CH 080 39 4
138 42 3
139 40 5
8s 36.0 14 69 117 74 69 CH 291 68 5
294 67 5
340 59 4
90U 3V 11.0 4 19 35 17 19 CL
92 6S 26.0 33 20 27 8 19 CL 133 21 7
159 2t 6
249 21 8
7s 31.0 30 20 CH 216 20 3
566 18 5
456 19 )
8S 36.0 25 21 34 12 20 CL 395 22 10
429 20 6
93V suU 35.9 50 22 53 29 23 CH 745 20 5 Q 429 05 220 220
10U 41.0 70 22 CH 3.50 21 6 Q 400 10 210 21.0
11U 457 90 16 26 10 16 CL Q 246 20 220 220
12U 50.8 120) 17 48 31 17 CH 109 17 4
3.87 17
540 16 6
96U 4U 18.0 22 23 31 40 24 CH Q 129 05 220 220
Q 157 10 210 21.0
Q 132 20 220 220
7V 36.1 43 22 50 30 22 CH 311 21 6
98U 6V 25.7 33 21 CH Q 3.04 05 200 200
Q 318 10 210 21.0
Q 314 20 210 21.0
7V 30.6 33 24 54 27 25 CH 464 23 E) Q 374 10 250 25.0
Q 3.00 20 240 23.0
8y 377 41 16 CH Q 305 05 150 15.0
Q 405 05 170 17.0
a9 8s 36.0 29 21 42 21 22 CcL 396 20 9
446 20 9
405 21 12
9s 41.0 20 27 CH 233 28 ]




SAMPLE IDENTIFICATION

CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES

Unconlined
Compression

Triaxial Compression

2 5 ° - s
. |3 ; - iz
H 5 5 8 ol ¢ £ e § u
= g 0 0 = 8 |= § o g S &
H £ B 5 2 § 3 £ I 5 8 3 5 €
E ; & 3 8§82 = E R% 8 gl £ 2l £ & & ¢
3 o} 2 E £ < € ] €
Z Z o Q ; ] E > S E 9} 9 = a S _ ‘u: g ‘?_ [ ; 3
» 3 K4 ° £ g =0 - = = 8 o <3 -] - 4 o R T Y S £ - (4]
2 a ©® 3 =238 ] S gw L e = ¢ |a - & ° = £ ]
g E £ §8 3S}|2s E 9 2 § = S £|fE% 25 S i € 3 &,
o & B z2]§8¢% g s w E aQ 5 w L | 33 8 é 3 s a2
a d & # 2zlzuw 5 &z 25 & 4 ® £ =22 Fle 8 5§ 2 =90
256 26 11
108 46.0 66 21 45 25 21 CcL 544 21 5
421 20 6
128 560 66 20 CH 626 19 3
414 21 5
138 607 62 17 45 23 18 CL 16 2
396 18 4
103 78 31.0 58 22 48 26 22 CcL 366 20 8
366 20 8
290 23 13
8s 36.0 60 22 CH 207 24 ]
132 24 1
291 20 8
9s 40.8 65 20 CH 432 19 9
284 20 16
104U 8U 35.6 90 19 CH Q 360 20 190 190
U 40.6 90 19 42 25 20 280 CL Q 358 10 190 18.0
10U 456 90 18 CH Q 845 03 17.0 17.0
Q 865 10 160 150
12U 547 54 16 33 15 17 273 CL Q 895 05 14.0 140
111U 13U 60.0 16 45 64 36 45 276 CH Q 371 05 450 440
Q 289 10 470 470
Q 283 20 43.0 430
14U 625 16 51 77 44 52 278 CH Q 220 05 51.0 500
Q 355 10 53.0 520
Q 356 20 500 500
150 66.0 14 49 59 34 48 CH Q 370 05 500 490
Q 304 10 470 470
Q 234 20 490 480
112 14S 63.0 2 49 73 39 50 CH 221 49 6
271 47 6
273 49 6
158 66.0 20 49 CH 328 48 4
342 47 4
290 49 3
168 71.0 39 1 41 60 40 39 CH 309 43 7
422 42 4
311 40 3
113U 16U 76.0 12 36 57 31 43 2.79 CH+SM 077 30 3 Q 254 05 370 370
Q 242 1.0 38.0 380
Q 264 20 290 290
17U  80.1 12 47 CL 172 49 2 Q 204 05 500 500
Q 404 10 46.0 460
Q 396 20 470 470
18U 84.1 15 48 73 44 43 263 (?H 6.75 46 3 Q 305 05 46.0 46.0
Q 370 10 510 510
Q 401 20 510 500
115U 17U 80.0 8 36 ML 2143 40 2
18U 85.0 8 33 70 35 43 277 CH Q 408 05 470 48.0




SAMPLE IDENTIFICATION

CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES

Uhcontined
Compression

Triaxial Compression

s :‘_5, o k] w ©
c 5 8 sl = § 2
2 5 5 e als 9 £ s 5 ¢
® B © o
3 S ¢ & 3 318 ¢ g| g4 i S Z
£ 2 % g3 go 3 B F R 2 g £ 2 5
g s 5 9 5 & = 2 %3 g g |2 2 s |8 5 o g 2
2 ¢ & a s§ E 3 3£ 0 o Elg 5§ wl& 2 o 2 §
o e 2 g 3|32 2 £ 386 & £ ?T 5|8 9% %¥Qls 2 £ 3 ¢
£ a o 2 3§ 4 2 2 = 5 F § 120 82 E£E]o & € g .
§ E EE 2|32 3 &8 E & 3 % 4|56 5F £|§& 3 5§ 3 8%
a B 6 B zlzw 5 a8 =z3 o o & LIlok =2 s 1 o O =z Sh
Q 28 10 390 39.0
Q 367 20 270 270
18U 910 24| 42 60 34 42 264 CH Q 403 05 420 410
Q 397 10 410 410
Q 411 20 420 420
118 13s 650 9| 37 s1 30 37 cL 052 38 6
237 35 6
171 36 5
120U 6U 230 6| 38 ML 192 37 2
7U 260 6| 40 53 22 40 MH
B&O ROUTE
12 55  18.0 24 | 189 483 266 214 cL 444 197 e1]| @ 342 10 227 226
7S 260 21| 187 476 335 187 cL Q 240 06 187 185
Q 311 10 206 205
8s 310 20| 186 602 454 184 CH 30 70 Q 310 05 174 17.3
Q 320 10 186 185
Q 334 20 196 193
9s  36.0 20| 196 568 442 198 CH 27 73 Q 210 05 204 203
Q 444 10 180 178
Q 446 20 211 210
130 7U 326 27| 188 507 316 17 274 CH 688 19 39
8U 356 27} 192 517 337 183 275 CH 289 192 21
9U 396 30| 169 424 245 156 274 CL 6.85 17 52
10U  44.6 35| 185 513 334 186 275 CH 687 188 6
12U 527 50 | 137 cL
15U 659 32| 266 57 403 26 268 CH 52 48 Q 518 15 276 276
18 18s  83.0 47| 294 655 326 297 274 CH 23 77 Q 301 05 279 277
Q 352 10 304 302
Q 438 20 308 306
198 89.8 122| 157 428 258  16.1 cL Q 584 05 174 169
Q 950 10 150 149
198 55 210 15| 198 273 119 204 273 CL 30 70 Q 181 05 204 202
Q 155 10 204 203
Q 192 20 194 193
.78 308 7213 284 12 215 cL Q 145 09 215 212
168 75.8 30 | 17.3 384 242 18 cL Q 320 05 152 151
Q 376 10 207 205
Q 620 20 154 152
20 7S 310 7 ]|192 220 95 196 cL 170 184 64} Q .085 10 196 194
Q 116 20 194 193
23UA 6U 221 7 | 236 357 172 208 cL 152 241 76| @ 174 10 236 237
Q 168 20 233 225
U 260 7| 234 cL Q 218 05 240 239
: Q 241 10 236 236
Q 258 20 226 224




SAMPLE IDENTIFICATION

CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES

Unconiined
Compression

Triaxial Compression

8 ) 5
; ; ils : §
& £ £ 8 o |2 & g e © W
1 3 [+ 4 [] [ - S 3 Q ™
5 £ o x 9 Z 3 A e a 2 O 3
£ . & 3 28 . % &2 3 sle 8 2|y 82 F & B
5 (-} o 9 S £ = £ LY F-aN £ 13 © 2 a g
F4 z a o sS4 E 2 S E Y g = 1] s . L [ ,"f o 3 3
o e 2 g Slz@e J § 38 & & T os|g_9€ ®}ls & § F ©
£ e 82 sfS5e 2 35 5% § ¢ § flecz; s|: f € B 3,
3 g &8 3 3|58 % § FE & F o flsps® F|> & § 5 §%
8U 298 7 | 217 432 228 211 cL 267 226 77| @ 239 1.0 206 204
Q 300 20 218 213
U 340 11| 216 cL 248 21 133] @ 170 10 225 222
Q 260 20 210 208
240 8U 258 10 | 227 254 114 212 269 CL 1145 222 85
U 300 19 | 187 208 153 18 270 CL 23 77 : Q 232 10 186 184
Q 184 20 189 186
13U 458 27| 243 412 242 256 266 CL 11 89 Q 096 10 241 246
270 3U 80 14| 208 361 209 246 268 cL
6U 158 14 | 174 SM Q 169 05 153 156
7U 210 13 ] 191 262 106 179 270 CL Q 212 07 187 182
Q 141 13 203 195
8U 280 12| 201 242 96 20 268 CL 30 70 Q 144 07 201 198
Q 093 14 199 19.1
17U 550 10| 202 391 206 306 270 CL 14 86 Q 162 12 200 288
Q 154 23 290 286
18U  60.0 18276 33 18 257 288 cL Q 177 16 265 262
Q 060 32 283 274
28 4 165 17 | 174
58 210 16] 20 206 119 204 270 cL 45 55 |047 184 32| @ 087 07 205 200
Q 090 13 207 206
6S 260 16| 189 246 83 194 cL 102 17 5} Q 1987 68 200 196
Q 216 17 189 186
200 68  26.0 22] 21 278 133 17 cL Q 149 05 158 156
Q 145 10 185 184
Q 374 20 173 172
30U 11U 290 4| 224 446 225 226 274 cCL 350 224 43
33U 2U 56 19.8 cL 040 195 10
7V 343 22 cH 214 221 9
34U 6U 258 233 521 202 231 281 CH Q 088 05 227 229
Q 093 15 238 238
Q 160 30 228 238
7U 308 238 625 39 235 CH 167 251 4
30 2u 60 27.2 CH 056 269 11
u 108 28.1 CH 041 275 7 | Q@ 052 10 294 308
Q 051 30 274 288
U 157 25.6 cH 102 238 2 | Q 127 10 244 248
Q 098 30 284 284
50 208 248 634 413 239 279 CH 101 249 4 | Q o081 10 247 264
Q 093 30 249 249
6U 257 237 75 55 223 277 CH 144 232 6
36U 2U 55 28.3 CH 074 28 10
33U 108 26.5 CH 059 265 18| @ o059 10 274 276
Q 046 30 252 253
4U 157 24.4 CH 121 204 12| @ o037 10 286 303




SAMPLE IDENTIFICATION

CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES

Unconined
Compression

Triaxial Compression

"3 ?, ° ‘s ‘5
c 5 § s 1§ 2 § @
g § s 8 gls 4 & ¢ t u
5 g 8] 8] a |E [ o 0 ©
3 5 5 9 ¥ = £ S ® 5 2 8 9 =
E s B 38 £§2 =« 2 §3 & sl £ | 2 & § ¢
3 $ 8 4 sE E 3 SE O El3 5. £]|2 9 = 3 §
2 e 2 £ $|5% 3 § §4 ¢ 5 T 5|29 Els 2 £ 3§ ¢
£ Q [ ® 3 2 2 b LY o = ;] c a [ - £ 2 = o .
g E EFE 2|32 2 % 3 g 3 9% i|5v 3% £ |& 3 5 3 8%
3 § & 3 2126 J & 25 & & # #l8k =8 Fleg 8§ 8 2 =z
Q 056 3.0 239 244
s5U 20.7 226 54 378 213 279 CH Q 069 10 211 214
Q 128 3.0 239 249
6U 25.6 263 739 534 246 284 CH 0.84 251
7V 30.6 17.7
8uU 355 249 383 78 227 268 ML 220 243 15
Vil-iU 3U 74 1 20 CL 059 19 1
VII-1UA 10U 27.7 11 ] 268 608 3983 252 272 CH 184 26 10 Q 153 3.0 277 278
12U 326 8 27 CH 132 251 7 Q 131 3.0 273 277
14U 379 9 259 512 31.1 258 280 CH 244 24 1 Q 102 10 281 289
Q 146 30 256 264
16U 429 20 | 36.1 623 40.6 38.5 CH 0 100§ 1.02 37.1 7
17U  48.0 201 364 542 327 326 274 CH 112 3741 7
18U 53.0 20 | 50.9 CH 096 463 5
133 553 6
19U 58.2 20 | 413 592 35 38 268 CH 127 423 3
20U 628 20 | 28.2 423 223 282 CcL 12 Q 118 10 273 279
Q 072 3.0 299 308
Vi-2 98 31.0 22 ] 259 436 245 234 CL 7 93 | 0.61 265 6
076 242 10
118 409 8 ] 213 CL 0.81 204 15
VII-3U 7V 227 10] 222 279 113 231 270 CL 140 226 8
14U 48.0 8 34 47 23 348 273 CL 046 328 10
17U 578 3 174 CL 081 204 15
vii-4 8S 257 19 | 20.6 CL 224 207 4
254 20 6
108 327 371 211 CL 276 208 4
Vil-6U 8&U 217 17 | 164 CL Q 130 10 168 176
Q 242 30 139 140
7U 30.8 17§ 21.9 CcL 183 21.8 5 Q 168 10 205 214
Q 155 30 232 236
VI-10U 9U 426 35| 233 CH 282 232 7
VIl-11U 8S 335 26 | 275 CH 149 27.2 4
VII-14U 38 7.8 33§ 244 649 451 314 CH 275 286 7
055 18 4
VIi-15 68 225 8 17.9 CL 229 197 4
165 158 9
VII-23U 4V 17.9 10 | 227 328 145 256 271 CL Q 208 10 224 268
Q 043 30 266 264
5U 20.7 10 | 318 48 30.6 214 275 CL 167 35 9
8u 33.0 26 29 60.9 43.8 23.8 274 CH Q 033 10 285 277
Q 190 30 222 226
10U 379 18 | 26.3 CH 154 232 6 Q 148 10 251 257
Q 068 30 306 313




SAMPLE IDENTIFICATION

CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES

Unconfined
Compression

Triaxial Compression

048 785 49
049 845 6.2

$ 5 o k] s
b - - B
5 5 5 ils @ 4 5 3
S £ € 0 v 15 w R e € W
5 g 3 S > g8lg ¥ ¢ 3 6 3
2 £ 2 5 2 53 5 o € 5 § 8 5 E
£ . a I3 24 — ° 20 & g g 8 = - £ E s 8
5 g 2 & S E E £ 52 4 < |s £ fl18 3 § =
z 2 0 28 & > SE e F |2 S =} 2 = 2 3
o 2 9 E Sjfzew J &£ S8 o & 3 < |& Og ®lgy § £ 3 O
g a & 2 3|S5 3 =2 § g F § 2|3g 5% ¢ 3 € § 3
5 E EE 3|32 3 & 3E g =z 6 |6 sy F|& 3 F 0§ 3%
o B zlzw 35 8 Z3 o0 g £16c 28 gl 8 8 2 =2
Vil-26 148 617 121§ 193 CL 5§15 189 2
413 193 2
Vil-29U 3V 7.5 15 1 226 57 34.8 248 268 CH 167 225 6
108 316 33 ] 197 494 277 18.8 CcL 480 197 M
118 348 48 | 19.4 CL 209 182 20
1.52 201 6
Vi-30 88 306 9 | 206 CH 548 206 7
VI-31 78 238 39 | 223 CH 516 22 12
9s 28.7 39 17 CL 487 172 12
VIi-34 7S 34.0 17 | 208 ML 164 204 3
108 37.1 47 ] 214 727 8524 21.3 CH 1.59 216 1
113 214 1
VII-35 88 28.5 30 | 183 525 346 20.9 CH 3.32 184 6
2.89 7
Vii49 78 19.9 10 | 26,5 621 38.2 246 CH 156 265 §
8s 23.6 10 | 236 762 527 23.2 CH 1 99 240 232 7
VIi-50 8S 221 35| 234 66 393 209 CH 396 234 3
108 263 23 | 172 379 175 17 CL 19 81 | 6.02 168 7
VII-63 8S 26.0 18 17 - 36.1 18.8 16 CL 212 166 M
Vil-56 9U 25,6 7 | 164 CL 42 58
LE'FANT-PENTAGON ROUTE
L-1 98 455 9 50 CcL 206 70 74
2.63 4198 54
L-2 98 39.0 26 ] 231 CcL
L-5 48 14.5 3 ]676 101 607 83.8 OH 034 66 8.1
: 053 609 108
044 74 6.2
58 19.5 2 | 847 OH 051 855 6.1
: 0.58 837 67
108 40.0 4 69 OH 064 685 6.2
118 450 2 1716 CH 059 69 8.6
221 OH 048 220 99
L-6 38 11.0 2 1768 OH 043 769 74
043 742 85
, 042 781 87
58 21.0 2 ] 808 965 524 83.8 CH 044 772 62
058 84 65
68 26.0 3 ] 837 OH 052 851 69




PHYSICAL PROPERTIES
SAMPLE IDENTIFICATION CLASSIFICATION PROPERTIES Uncontined
. Triaxial Compression
Compression
5 5 - -
£ # 2 ls = g o
§ 2 2 G w |12 § g s £ &
£ 8 3 e o |8 pe < 5 S =
5 g 0 x O z 3 2 a 2 O %
2 . & @ 53 2 22 3 cle § 21, 8 & 35 §
o [ 3£ = £ @ o 8|z £ [ $ B a o €
: RN I I B L B PO N F AR
2 3 £5 2l 3 % osd £ 2 % slso3% :£|% O§ £ % 3
g e EE 2188 3 & SE 2 3z 9 L0854 3% E|& 3 %5 3 3%
o 6o © zlzw 53 o zd o o R Rlobt =2~ sl o o =z 2
78 31.0 5 68 OH 053 70 59
059 649 74
8S 36.0 3 69.7 813 478 67 OH 063 711 8.6
039 68 74
071 69.7 99
9s 41.0 2 65.1 ] OH 073 664 75
079 632 9.2
108 460 2 68.2 OH 065 58 8.7
) 082 70 9.9
061 68 6.7
L-7U 5U 211 3 76 722 227 77 257 OH 051 714 6.2 Q 057 20 792 785
6U 26.1 2 86.5 OH Q 048 05 920 919
Q 049 10 828 823
7U 31.1 2 77 OH 0.56 69.7 9.7 Q 048 05 756 755
Q 062 10 818 815
8uU 36.1 3 733 69.6 254 71.4 OH 065 726 8 Q 065 20 738 734
:1V] 41.1 4 727 OH 045 731 6.2
046 765 35
11U 51.1 3 634 774 293 69.5 264 OH 0.56 65.1 5.3 Q 059 10 668 666
12U  56.1 2 56.8 OH 082 626 64 Q 050 05 572 564
Q 074 20 574 570
13U 61.1 3 658 718 253 609 252 OH 0.33 69.6 121
081 719 63
L-8U 4U 16.0 3 54 OH 048 511 89| Q 047 05 581 577
Q 055 20 525 522
5U 210 4 733 626 382 61.3 OH 060 703 7.2 Q 056 10 777 775
6U 26.0 5 80.7 OH 059 87 54 Q 060 05 806 801
Q 058 10 745 730
7y 31.0 3 874 823 262 883 255 OH 0.60 90.2 8 Q 078 20 835 830
sy 36.0 5 64.5 OH 077 467 74 Q 073 05 720 720
Q 078 10 700
[:]8] 41.0 6 721 766 276 81 OH 083 66.1 7.1 Q 088 20 763 76.2
10U 46.0 6 71 OH 086 802 63] Q 078 05 645 637
Q 086 10 685 676
11U 510 6 70.7 73 275 63.7 255 OH 074 725 76} Q 078 20 711 707
14U 66.0 6 56.7 70.7 265 64.8 OH Q 088 05 420 420
Q 076 1.0 549 547
Q 089 20 720 715
L-10 3s 12.0 3 65.3 834 42 70.1 OH 055 691 7.3
051 586 85
060 538 98
063 47 8.6
049 467 8.7
0.66 63.1 94
065 606 13.5
079 841 86
098 797 96
068 764 97
L-12 78 31.0 10 ] 65.7 OH 090 65 79
106 731 79
091 586 73




SAMPLE IDENTIFICATION

CLASSIFICATION PROPERTIES

PHYSICAL PROPERTIES

Uhcontined

Compression

Triaxial Compression

& 5 o s 5
. |3 5 il = . § =
2 5 5 e ol 4 2 ¢ 5 4
[ F-) I ©
5 <4 e % o g’ 8 [7] - [ 3 0 -
2 . & 2 33 3 82 3 cle § s|. 8 ¢ 5 %
£ o @ g 8 £ £ £ @ a 4 s iz = ® 2 5 o o €
z z Q 25§ E S SE O o Flg 8. L]l 2 =2 =2 3
2 2 2 £ 83159 3 § §4 € 5 P os|S.S9% E|s 2 £ 3 %
£ a a 3 3§ 4 2 2 et g F s £ |2 3= & e 8 ]
; E EE 3fgs 3 % 3F & 0z 4 |6 5% f|E 3 5 3§ %%
@ & B 2lzw S5 & Z3 o & 2 gl 28 gl 8§ 3 2 =29
L-13 135 640 7 | 646 OH 078 626 7.8
145 66.1 11 | 624 OH 128 652 6.7
126 593 67
155  68.4 1] 501 776 435 633 OH 120 579 67
122 58 78
165  71.0 11 | 645 OH 123 615 9
100 669 104
185 78.1 14 | 709 OH 144 71 T4
125 701 89
20S 886 18| 61 OH 094 69.4 1041
141 549 75
L-14U 4U  16.0 3| 608 577 252 459 264 OH 079 614 63
14U 73.0 24 | 563 781 316 622 255 OH 164 549 54| Q 140 10 563 56.1
15U  76.0 24 | s7.1 OH 115 539 95| Q@ 140 05 644 64.1
Q 151 20 529 524
16U  79.0 25 | 654 OH 185 564 63] Q 181 05 694 687
Q 182 20 702 699
17U 820 28 | 589 57.8 279 528 275 OH 206 608 68] Q 168 10 612 612
18U  84.0 28 | 62.3 OH 197 8 77| @ 197 o5 557 556
Q 201 20 643 642
19U  88.0 30 | 60.5 OH 163 718 67| Q 138 10 485 482
107 58 74
200 920 42| s63 OH 141 558 89
176 57 8.1
L15 65 240 8 | 457 OH 061 438 79
065 476 85
L16 6S 240 7] 4o 61 308 503 OH 075 52 10
081 487 9
086 46 10
108 409 8| 45 oL 090 394 7
075 515 7
128 510 6| 42 OH 019 332 3
049 495 6
138 56.0 7| 59 507 188 56 OH 160 63 8
158 612 6
: 124 506 9
158  63.0 7] 58 767 247 655 OH 120 571 6
121 549 7
130 602 8
L17U 4U 129 2} 51 686 37 519 271 OH 059 565 8 | @ 050 05 441 436
Q 068 10 505 496
50 16.0 5| 46 586 279 47 OH 069 425 11| @ 067 20 495 490
11U 379 8| 42 647 473 627 259 OH 093 402 Q 065 05 37.9
125 1.0 404 3938
17U 55.0 13] 52 609 233 536 OH 117 53 7 ]| Q@ 090 05 57.0 566
Q 124 10 412 405
18U 58.0 13| s4 OH Q 101 05 470 468
Q 126 10 57.7
Q 125 20 563 556
19U 610 32| 61 892 479 62 260 OH 044 616 6 ] Q 159 20 551 545
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APPENDIX C

Shear Strength vs. N-Value Graph

¢ Shear Strength vs. N-value (after Sowers, 1979)



Undrained Shear Strength, S, (kgffcm?)
ol

o - 10 20 30 40 50 60
Standard Penetration Blow Count, Nes (blows/foot)

Note: As originally proposed, this correlation used the uncorrected SPT blowcount, N. However, hammers
delivering 60% of the theoretical energy have been the most commonly used hammers for SPT tests, and it seems
likely that the data on which the correlation was based was obtained primarily from tests with such hammers. it
therefore seems logical to use Neao with this correlation, and it is the recommendation of this report that this be

done.

Figure 40. Relationship between standard pénetration blow count, N and undrained
shear strength, S. (after Sowers, 1979)
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APPENDIX D

e ASTM D 1586 — Standard Test Method for Penetration Test and
Split-Barrel Sampling of Soils.



Standard Test Method for

Penetration Test and Split-Barrel Sampling of Soils’

This szanda:d is issued under the fixed designation D 1586: the oumber immediately following the designaton indicates the year of

original adopton or. in the case of revision, the year of last evia

on. A nurnber in parentheses indicates the vear of last reapproval. A

superscript epsilon (¢) indicates an editorial change since the last revision or reapproval. ’

This standard has been approved for use by agencies of the Department of Defense. Consult the DOD Index of Specifications and
Standards for the specific year of issue which kas been adopted by the Department of Defense.

«'NoTE— Editorial changes were made throughout October 1992.

1. Scope

1.1 This test method describes the procedure, generally
known as the Standard Penetration Test (SPT), for driving a
split-barrel sampler to obtain a representative soil sample
and a2 measure of the resistance of the soil to penetraton of
the sampler.

1.2 This standard does not purport to address all of the
safety problems, if any. associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior 1o use. For a specific
precautionary statement, se¢ 54.1..

1.3 The values stated in inch-pound umits are to be
regarded as the standard.

2. Referenced Documents

2.1 ASTM Standards: .

D 2487 Test Metbod for Classification of Soils for Engi-
nesring Purposes®

D 2488 Practice for Description and Identification of Soils

. (Visual-Manual Procedure)? . :

D4220 Praciices for Preserving and Transportng Soil
Samples® - ' ' .

D4633 Test Method for Stress Wave Energy Measure-
ment for Dynamic Penetrometer Testing Systems®

3. Terminology

3.1 Descriptions of Terms Specific to This Standard
" 3.1.1 anvil—that portion of the drive-weight assembly
which the hammer strikes and through which the hammer
energy passes into the drill rods.

3.1.2 cathead—the rotaring drum or windlass in the
rope~cathead lift system around which the operator wraps a
rope 1o lift and drop the hammer by successively tightening
and loosening the rope turns around the drum.

3.1.3 drill rods—rods used to transmit downward force
and torque to the drill bit while drilling a borehole.

3.1.4 drive-weight assembly—a device consisting of the

1 This metbod is under the jurisdiction of ASTM Committee D-18 on Soil and
Rock and is the direct responsitility of Subcommirtee D18.02 on Sampling and
Related Field Testing for Soil Investigations.

Current edition approved Sept. 11, 1984, Published November 1984, Originally
published as D 1586 ~ 58 T. Last previous edition D 1586 - 67 (1974).

2 Annual Book of ASTM Standards, Vol 04.08.
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hammer, hammer fall guide, the anvil, and any hammer
drop system.

3.1.5 hammer—that portion of the drive-weight assembly
consisting of the 140 = 2 Ib (63.5 = 1 kg) impact weight
which is successively lified and dropped to provide the
energy that accomplishes the sampling and penetration.

3.1.6 hammer drop system—that portion of the drive-
weight assembly by which the operator accomplishes the
lifting and dropping of the hammer to produce the blow.

3.1.7 hammer fall guide—that part of the drive-weight
assembly used to guide the fall of the hammer.

3.1.8 N-value—the blowcount representation of the pene-
tration resistance of the soil. The N-value, reported in blows
per foot, equals the sum of the number of blows required to
drive the sampler over the depth interval of 6 to 18 in. (150
to 450 mm) (see 7.3).

3.1.9 AN—the number of blows obtained from each of
the 6-in. (150-mm) intervals of sampler penetration (see 7.3).

3.1.10 number of rope turns—the total contact angle
betwesn the rope and the cathead at the beginning of the
operator’s rope slackening to drop the hammer, divided by
360° (ses Fig. 1).

3.1.11 sampling rods—rods that connect the drive-weight
assembly to the sampler. Drill rods are often used for this
purpose. . :

3.1.12 SPT—abbreviation for Standard Penetration Test,
a term by which engineers commonly refer to this method.

4. Significance and Use

4.1 This test method provides a soil sample for identfica-
tion purposes and for laboratory tests appropriate for soil
obtained from a sampler that may produce large shear strain
disturbance in the sample.

4.2 This test method is used extensively in a great vaniety
of geotechnical exploration projects. Many local correlations
and widely published correlations which relate SPT blow-
count, or N-value, and the engineering behavior of earth-
works and foundations are available.

5. Apparatus '

5.1 Drilling Equipment—Any drilling equipment that
provides at the time of sampling a suitably clean open hole
before insertion of the sampler and ensures that the penetra-
tion test is performed on undisturbed soil shail be acceptable.
The following pieces of equipment have proven to be
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: FIG. 1 Deﬁnmons of the Number of Rope Turns and the Angle for (a) Counterc!ockwuse Rotat:on and (b) Clockwxse Rotation of the .
Cathead

suitable for aavancmg a borebole in some suosm'zacc condJ.-
nons. .

*5.1.1 -Drag, Cnoppmg, and Fz:fzmzl Birs, less than 6.5 in.
162 mm) and greater than 2.2 in. (56 mm) in diamerer may
be used in comjucton wn.h opea-hole rotary drilling or
z2sing-advancement drilling methods. To avoid disturbance
of the unae.lvmg soil, bortom discharge bits are not per-
mitted; only side discharge bits are permmed.

5.1.2 Roller-Cone Bits, less than 6.5 in. {162 mm) and
greater than 2.2 in. (56 mm) in diameter may be used in
:onjuncton with open-hole rotary drilling or casmg-ad-
rancement drilling methods if the drillmg fluid discharge is
ieflected.

.- 5.1.3 Hollow-Stem Continuous . Flight Auoers, with or

mhout a center bit assembly, may be used to drill the
yoring. The inside diameter of the hollow-stem augers shall
xlssthanéSm.(lSZ mm)andgr&terthanllm.(ﬁ
pm)., .”
5.14 Salza' Conzmuaw‘ Flzghz. Bucket and Hand Augers,
ess than 6.5 in. (162 mm) and greater than 2.2 in. (56 mm)
n diameter may be used if the soil on the side of the boring
loes not cave onto the sampler or sampling rods during
ampling.

5.2 Sampling Rods—Flush-joint steel drill rods shall be
ised to connect the split-barrel sampler to the’ drive-weight
ssembly. The sampling rod shall have a stiffness (moment
f inertda) equal to ‘or greater than that of parailel wall “A™
od (a steel rod which has an outside diameter of 1% in.

41.2 mm) and an inside diameter of 1Y% in. (28.5 mm).
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NoTe l|—Receat research and comparadve testing indicates the type
rodused.wnhsnnne:smn;ngfmm‘A size rod 10 “N” size rod, will
usuaily have 2 negugmle e'xe-'z on thc N-vajuss 10 depths of at least lOO
ft (30 m).

5.3 Split-Barrel Sampler—The sampier shall be con-
structed with the dimeansions indicated in Fig. 2. The driving
shoe shall be of hardened stesl and shall be replaced or
repaired when it becomes deated or disiorted. The use of
Iiners to produce a consiant inside diamezer of 134 in. (35
mm) is permitted, but shall be noted on the penewration
record if used. The use of a sampie retainer basket is
permitted, and should also be noted on the penermation
record if used.

Nore 2—Both theory and available test dzra suggest that N-values
may increase berwesn 10 10 30 % whenhne:sareused.

5.4 Drive-Weight Assembly: -

5.4.1 Hammer and Anvxl—'l'he hammer shall weigh 140
+ 21b(63.5 = 1 kg) and shall be a solid rigid metallic mass.
The bammer shall strike the anvil and make steel on steel
contact when it is dropped. A hammer fall gnide permitting a

fres fall shall be used. Hammers used with the cathead and

rope method shall have an unimpeded overlift capacity of at
least 4 in. (100 mm). For safety reasons, the use of 2 hammer
assembly with an internal anvil is encouraged.

Note 3—1It is suggested that the hammer fall guide be permanenty
marked to enable the operator or inspector to judge the hammer drop
height.

5.4.2 Hammer Drop System—Rope-cathead, trp, semi-
automatic, or automatic hammer drop systems may be used,
providing the lifting apparatus will not cause pepetration of
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or plastic retainers may be used t0 retzin soil sampies.

The 1% in. (38 mm) inside diameter sciit barre! may be used with a 16-gage wall thickness snﬁt finer. The penetrating end of the crive smoe may bs sightly rounces. Metat

FiG. 2 Spiit-Barrel Sampler

the sampler while re-engaging and lifting the hammer,

5.5 Accessory Eguipment—Accessories such as labels,
sampie containers, data sheers, and groundwater level mea-
suring devices shall be provided in accordance with the
requirements of the project and other ASTM standards. .

6. Drilling Procedure

6.1 The boring shall be advanced incrementally to permit
intermintent or continuous sampling. Test intervals and
locarions are normally stpulated by the project engineser or
geologist Typically, the intervals selected are 5 ft (1.5 mm)
or less in homogeneous sraza with test and sampling
locations at every change of strata.

6.2 Any drilling procedure that provides a suitably clean
and stable hole before insertion of the sampler and assures
that the penetration test is performed on essentally undis-
turbed soil shall be acceprable. Each of the following
procedures have proven to be acceptable for some subsurface
conditions. The subsurface conditions antcipated should be
considered when selecting the drilling method to be used.

6.2.1 Open-hole rotary driling method.

6.22 Continuous flight hollow-stem auger method.

6.2.3 Wash boring method.

6.2.4 Contnuous flight solid auger method.

6.3 Several drilling methods produce unacceptable
borings. The process of jetting through an open tube sampler
and then sampling when the desired depth is reached shall
pot be permitted. The continuous flight solid auger method
shall not be used for advancing the boring below a water
table or below the upper confining bed of a confined
non-cohesive stratum that is under artesian pressure. Casing
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may not be advanced below the szmpiing elevation prior 10
sampling. Advancing a boring with bottom discharge bits is
not permissible. It is not permissivie to advance the boring
for subsequent insertion of the sampler solely by means-of
previous sampling with the SPT szmpler.

6.4 The drilling fluid level within the boring or hollow-
stem augers shall be maintained at or above the in sima
groundwater level at all times during drilling, removal of driil
rods, and sampling.

7. Sampling and Testing Procez{iure

7.1 After the boring has besn advanced to the desired
sampling elevaton and excessive cuttings have besa re-
moved, prepare for the test with the following sequeacs of
operations. .

7.1.1 Anach the split-barrel sampler to the samphnz rods
and lower into the borehole. Do not allow the sampier tO
drop onto the soil to be sampled.

7.1.2 Position the hammer above and attach the anvil to
the top of the sampling rods. This may be done before the
sampling rods and sampler are lowered into the borehole.

7.1.3 Rest the dead weight of the sampler, rods, anvil, and -
drive weight on the bottom of the boring and apply a seating
blow. If excessive cuttings are encountered at the bottom of
the boring, remove the sampler and sampling rods from the
boring and remove the cumngs.

7.1.4 Mark the drill rods in thres successive 6-in. (0. lS—m)
increments so that the advance of the sampler under the
impact of the hammer can be easily observed for each 6-in.
(0.15-m) increment.

7.2 Drive the sampler with blows from the 140-1b (63.5-



kg) bammer and count the number of blows applied in each
6-in. (0.15-m) increment until one of the following occurs:

7.2.1 A total of 50 blows have been applied during any
one of the three 6-in. (0.15-m) increments described in 7.1.4.

7.2.2 A total of 100 blows have been applied.

7.2.3 There is no observed advance of the sampler during
the application of 10 successive blows of the bammer.

7.2.4 The sampler is advanced the complete 18 in. (0.45
m) without the limiting blow counts occurring as described
in 7.2.1, 7.2.2, or 7.2.3.

"7.3 Record the number of blows required to effect each 6
in. (0.15 m) of penetration or fraction thereof. The first 6 in.
is considered to be a seating drive. The sum of the number of
blows required for the second and third 6 in. of penetration is
termed the “standard penetration resistance,” or the
“N-value.” If the sampler is driven less than 18 in. (0.45 m),
as permitted in 7.2.1, 7.2.2, or 7.2.3, the number of blows
per each complete 6-in. (0.15-m) increment and per each
partial increment shall be recorded on the boring log. For
partial increments, the depth of penetration shall be reported
to the nearest 1 in. (25 mm), in addition to the number of
blows. If the sampler advances below the bottom of the
boring under the static weight of the drill rods or the weight
of the drill rods plus the static weight of the hammer, this
information should be noted on the boring log.

7.4 The raising and dropping of the 140-1b (63.5-kg)
bammer shall be accomplished using either of the following
two methods:

7.4.1 By using a trip, automatic, or semi-automatic
bammer drop system which lifis the 140-Ib (63.5-kg)
“ammer and allows it to drop 30 + 1.0 in. (0.76 m £ 25 mm)
unimpeded.

7.42 By using a cathead to pull a rope attached to the
bammer. When the cathead and rope method is used the
system and operation shall conform to the following:

7.4.2.1 The cathead shall be essentially free of rust, oil, or
grease and have a diameter in the range of 6 to 10 in. (150 to
250 mm).

7.4.2.2 The cathead should be operated at a minimum
speed of rotation of 100 RPM, or the approximate spced of
rotation shall be reported on the boring log.

7.4.2.3 No more than 2% rope turns on the cathead may
be used during the performance of the penetration test, as
shown in Fig. 1.

NoTE 4—The operator should generally useeither 1% or 2% rope
turns, depending upon whether or not the rope comes off the top (1%
turns) or the bottom (2'% turns) of the cathead. It is generally known
and accepted that 2% or more rope turns considerably impedes the fall
of theé hammer and should not be used to perform the test. The cathead
rope should be maintained in a relatively dry, clean, and unfrayed
condition.

7.4.2.4 For each hammer blow, a 30-in. (0.76-m) lift and
drop shall be employed by the operator. The operation of
pulling and throwing the rope shall be performed rhythmi-
cally without holding the rope at the top of the stroke.

7.5 Bring the sampler to the surface and open. Record the
percent recovery or the length of sample recovered. Describe
the soil samples recovered as to composition, color, stratifi-

_sation, and condition, then place one or more representative
portions of the sample into sealable moisture-proof con-
tainers (jars) without ramming or distorting any apparent

stratification. Seal each container to prevent evaporation of
soil moisture. Affix labels to the containers bearing job
designation, boring number, sample depth, and the blow
count per 6-in. (0.15-m) increment. Protect the samples
against extreme temperature changes. If there is a soil change
within the sampler, make a jar for each stratum and note its

". location in the sampler barrel.

8. Report

8.1 Drilling information shall be recorded in the field and
shall include the following:

8.1.1 Name and location of job,

8.1.2 Names of crew,

1.3 Type and make of drilling machine,

1.4 Weather conditions,

1.5 Date and time of start and finish of boring,

1.6 Boring number and location (station and coordi-
pates, if available and applicable),

8.1.7 Surface elevation, if available,

8.1.8 Method of advancing and cleaning the boring,

8.1.9 Method of keeping boring open,

8.1.10 Depth of water surface and drilling depth at the
time of a noted loss of drilling fluid, and time and date when
reading or notation was made,

8.1.11 Location of strata changes,

8.1.12 Size of casing, depth of cased portion of boring,

8.1.13 Equipment and method of driving sampler,

8.1.14 Type sampler and length and inside diameter of
barrel (note use of liners),

8.1.15 Size, type, and section length of the sampling rods,
and

8.1.16 Remarks.

8.2 Data obtained for each sample shall be recorded in the
field and shall include the following:

8.2.1 Sample depth and, if utilized, the sample number,

8.2.2 Description of soil,

8.2.3 Strata changes within sample,

8.2.4 Sampler penetration and recovery lengths, and
) 8.2.5 Number of blows per 6-in. (0.15-m) or partal
increment.

8.
8.
8.
8.

9. Precision and Bias

9.1 Precision—A valid estimate of test precision has not
been determined because it is too costly to conduct the
necessary inter-laboratory (field) tests. Subcommittee
D18.02 welcomes proposals to allow development of a valid
precision statement.

9.2 Bias—Because there is no reference material for this
test method, there can be no bias statement.

9.3 Variations in N-values of 100 % or more have been
observed when using different standard penetration test
apparatus and drillers for adjacent borings in the same soil
formation. Current opinion, based on field experience,
indicates that when using the same apparatus and driller,
N-values in the same soil can be reproduced with a coeffi-
cient of variation of about 10 %.

9.4 The use of faulty equipment, such as an extremely
massive or damaged anvil, a rusty cathead, a low speed
cathead, an old, oily rope, or massive or poorly lubricated
rope sheaves can significantly contribute to differences in
N-values obtained between operator-drill rig systems.

124



9.5 The variability in N-values produced by different drill adjustment is given in Test Method D 4633.
rigs and operators may be reduced by measuring that part of
the bammer energy delivered into the drill rods from the 10. Keywords
sampler and adjusting N on the basis of comparative 10.1 blow count; in-situ test; penetration resistance;
energies. A method for energy measurement and M-value  barrel sampling; standard penetration test

The American Society for Testing and Materials takes no Position respecting the validity of any patent rights asserted in connection
with any item mentioned in this stancard. Users of this standard are expressly advised that determination of the validity of any such
parent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technicas commimee and must be reviewed every five years and
# not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standargs
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at 3 meeting of the responsible
technical committee, which you may anend, It you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, 1916 Aace St., Philadeiphia, PA 19103,
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