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The following values for ER may be assumed if hammer specific data are not available:

ER = 60% for conventional drop hammer using rope and cathead

ER = 80% for automatic trip hammer

Hammer efficiency (ER) for specific hammer systems used in local practice may be used in lieu of the
values provided. If used, specific hammer system efficiencies shall be developed in general accordance
with ASTM D-4945 for dynamic analysis of driven piles or other accepted procedure.

Corrections for rod length, hole size, and use of a liner may also be made if appropriate. In general, these
are only significant in unusual cases or where there is significant variation from standard procedures.
These corrections may be significant for evaluation of liquefaction. Information on these additional
corrections may be found in: “Proceedings of the NCEER Workshop on Evaluation of Liquefaction
Resistance of Soils”; Publication Number: MCEER-97-0022; T.L. Youd, I.M. Idriss (1997).

N-values are also affected by overburden pressure, and in general should be corrected for that effect,
if applicable to the design method or correlation being used. N values corrected for both overburden
and the efficiency of the field procedures used shall be designated as N1go. The overburden correction
equation that should be used is:

Nleo = CNNeo (5-2)
Where,
CN=10.77 log10 (20/6'y)], CN < 2.0 (5-3)

CN = correction factor for overburden
N0 = N-value corrected for energy efficiency
o'y = vertical effective stress at the location of the SPT N-value (TSF)

In general, correlations between N-values and soil properties should only be used for cohesionless soils,
and sand in particular. Caution should be used when using N-values obtained in gravelly soil. Gravel
particles can plug the sampler, resulting in higher blow counts and estimates of friction angles than
actually exist. Caution should also be used when using N-values to determine silt or clay parameters due
to the dynamic nature of the test and resulting rapid changes in pore pressures and disturbance within

the deposit. Correlations of N-values with cohesive soil properties should generally be considered as
preliminary. N-values can also be used for liquefaction analysis. See WSDOT GDM Chapter 6 for
more information regarding the use of N-values for liquefaction analysis.

In general design practice, hydraulic conductivity is estimated based on grain size characteristics
of the soil strata (see Highway Runoff Manual M31-16, Section 4-5). In critical applications, the
hydraulic conductivity may be determined through in-situ testing. A discussion of field measurement of
permeability is presented in Sabatini, et al. (2002), and ASTM D 4043 presents a guide for the selection

Geotechnical Design Manual M 46-03 Engineering Properties of Soil and Rock
December 2006 Chapter 5-5



Engineering Properties of Soil and Rock

of various field methods. If in-situ test methods are utilized to determine hydraulic conductivity, one or
more of the following methods should be used:

e  Well pumping tests

e Packer permeability tests
e Seepage Tests

e Slug tests

e Piezocone tests

e Flood tests or Pit Infiltration Tests (PIT) — applies mainly to infiltration facility design — see
Section 4-5 of the WSDOT Highway Runoff Manual (2004)

5.4.1 Well Pumping Tests

Pump tests can be used to provide an estimate of the overall hydraulic conductivity of a geologic
formation, and since it is in essence a full scale test, directly accounts for the layering and directionality
of the hydraulic characteristics of the formation. The data provided can be used to determine the
requirements for construction dewatering systems for excavations. However, pump tests can be quite
expensive and can take a significant amount of time to complete. Furthermore, care must be exercised
when conducting this type of test, especially if potentially contaminated zones are present that could be
mobilized during pumping. This could also create problems with disposal of the pumped water. Impact
to adjacent facilities such as drinking wells and subsidence caused by dewatering should be evaluated
when planning this type of test. For this test, the method prescribed in ASTM D 4050 should be used.
Analysis of the results of pumping tests requires experience and a thorough knowledge of the actual
geologic conditions present at the test location. The time-drawdown response curves are unique to a
particular geologic condition. Therefore, knowledge of the actual geologic conditions present at the test
location is required in order to choose the correct analysis procedure, e.g., whether the aquifer is leaky,
unconfined, or bounded, etc.

5.4.2 Packer Permeability Tests

Packer permeability tests can be used to measure the hydraulic conductivity of a specific soil or rock

unit. The information obtained is used primarily in seepage studies. This test is conducted by inserting
the packer units to the desired test location after the boring has been properly cleaned out. The packers
are expanded to seal off the zone being tested, and water is injected into the borehole under constant
pressure. Measurements of the flow rate are taken at regular time intervals. Upon completion of testing
at a particular depth, the packers are lowered to a new test depth. Test depths should be determined from
cores and geophysical logs of the borehole, prior to hydraulic conductivity testing. Note that if the packer
test is performed in soil borings, casing must be installed.

5.4.3 Seepage Tests

Three types of seepage tests are commonly used: falling head, rising head and constant water level
methods. In general, either the rising or falling level methods should be used if the hydraulic conductivity
is low enough to permit accurate determination of the water level. In the falling head method, the
borehole or piezometer is filled with water that is allowed to seep into the soil. The rate of drop of the
water surface in the casing is monitored. The rising head method consists of bailing the water out of the
borehole and observing the rate of rise until the change becomes negligible. The constant water level
method is used if soil is too permeable to allow accurate measurement of the rising or falling water level.
General guidance on these types of tests are provided in Mayne, et al. (1997).
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Boreholes (or in subsequently installed piezometers) in which seepage tests are to be performed should
be drilled using only clear water as the drilling fluid. This precludes the formation of a mud cake

on the walls of the hole or clogging of the soil pores with drilling mud. The tests can be performed
intermittently as the borehole is advanced. In general, the rising head test is preferred because there is
less chance of clogging soil pores with suspended sediment.

Data from seepage tests only reflect the hydraulic conditions near the borehole. In addition the actual
area of seepage at the base of the borehole may not be accurately known. During the rising head test,
there is the danger of the soil at the bottom of the borehole becoming loosened or “quick” if too great a
gradient is imposed. However, seepage tests can be used in soils with lower hydraulic conductivities than
is generally considered suitable for pumping tests and large volumes of water do not need to be disposed
of. Also note that if the test is conducted inside the piezometer, the hydraulic conductivity measured from
this could be influenced by the material placed inside the borehole around the screened pipe.

5.4.4 Slug Tests

These tests are easy to perform and can be performed in a borehole in which a screened pipe is installed.
Two types of slug tests are commonly used, falling head and rising head. Falling head slug tests are
conducted by lowering a solid object such as a weighted plastic cylinder into the borehole causing an
instantaneous water level rise. As the water level gradually returns to static, the rate is recorded. A rising
head slug test can then be performed by suddenly removing the slug, causing an instantaneous lowering of
the water level. By monitoring the rate of rise or fall of the water level in the borehole, an estimate of the
hydraulic conductivity can be determined. . For this test, the method prescribed in ASTM D 4044 should
be used. However slug tests are not very reliable and may underestimate hydraulic conductivity by one
or two orders of magnitude, particularly if the test well has been inadequately developed prior to testing.
The test data will not provide an indication of the accuracy of the computed value unless a pumping test
is done in conjunction with the slug test. Because the slug tests are short duration, they reflect hydraulic
properties of the soil immediately surrounding the well intake.

5.4.5 Piezocone Tests

Details of the equipment and methodology used to conduct the piezocone test are provided in Sabatini,
et al. (2002). Piezocone data can be useful to estimate the hydraulic conductivity of silts and clays from
interpretation of the coefficient of horizontal consolidation, cp, obtained from the piezocone measurments.
The procedure involves pushing the cone to the desired depth, followed by recording pore pressures
while the cone is held stationary. The test is usually run until 50 percent of the excess pore pressure

has dissipated (t50). This requires knowledge of the initial in situ pore pressure at the test location.
Dissipation tests are generally effective in silts and clays where large excess pore pressures are generated
during insertion of the cone. Hydraulic conductivity can be estimated using various correlations with t5¢
and coefficient of horizontal consolidation (cp), (see Lunne, et al. (1997), and Sabatini, et al. (2002)).
Estimation of hydraulic conductivity from CPT tests is subject to a large amount of uncertainty, and
should be used as a preliminary estimate of permeability only.

5.4.6 Flood Tests

Flood tests or pilot infiltration tests are not always feasible, and in general are only used where unusual
site conditions are encountered that are poorly modeled by correlation to soil gradation characteristics,
and there is plenty of water available to conduct the test. The key to the success of this type of test is the
estimate of the hydraulic gradient during the test, recognizing that the test hydraulic gradient could be
much higher than the hydraulic gradient that is likely in service for the facility being designed. For more
information, see the WSDOT Highway Runoff Manual (2004).
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5.5 Laboratory Testing of Soil and Rock

Laboratory testing is a fundamental element of a geotechnical investigation. The ultimate purpose of
laboratory testing is to utilize repeatable procedures to refine the visual observations and field testing
conducted as part of the subsurface field exploration program, and to determine how the soil or rock
will behave under the imposed conditions. The ideal laboratory program will provide sufficient data to
complete an economical design without incurring excessive tests and costs. Depending on the project
issues, testing may range from simple soil classification testing to complex strength and deformation
testing.

5.5.1 Quality Control for Laboratory Testing

Improper storage, transportation and handling of samples can significantly alter the material properties
and result in misleading test results. The requirements provided in WSDOT GDM Chapter 3 regarding
these issues shall be followed.

Laboratories conducting geotechnical testing shall be either AASHTO accredited or fulfill the
requirements of AASHTO R18 for qualifying testers and calibrating/verifications of testing equipment for
those tests being performed. In addition, the following guidelines (Mayne, et al., 1997) for laboratory
testing of soils should be followed:

1. Protect samples to prevent moisture loss and structural disturbance.

2. Carefully handle samples during extrusion of samples; samples must be extruded properly and
supported upon their exit from the tube.

. Avoid long term storage of soil samples in Shelby tubes.
. Properly number and identify samples.

. Store samples in properly controlled environments.

3
4
5
6. Visually examine and identify soil samples after removal of smear from the sample surface.
7. Use pocket penetrometer or miniature vane only for an indication of strength.

8. Carefully select “representative” specimens for testing.

9. Have a sufficient number of samples to select from.

10. Always consult the field logs for proper selection of specimens.

11. Recognize disturbances caused by sampling, the presence of cuttings, drilling mud or other foreign
matter and avoid during selection of specimens.

12. Do not depend solely on the visual identification of soils for classification.

13. Always perform organic content tests when classifying soils as peat or organic. Visual classifications
of organic soils may be very misleading.

14. Do not dry soils in overheated or underheated ovens.

15. Discard old worn-out equipment; old screens for example, particularly fine (< No. 40) mesh ones
need to be inspected and replaced often, worn compaction mold or compaction hammers (an error in
the volume of a compaction mold is amplified 30x when translated to unit volume) should be checked
and replaced if needed.

16. Performance of Atterberg Limits requires carefully adjusted drop height of the Liquid Limit machine
and proper rolling of Plastic Limit specimens.

17. Do not use tap water for tests where distilled water is specified.
18. Properly cure stabilization test specimens.

19. Never assume that all samples are saturated as received.
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20. Saturation must be performed using properly staged back pressures.

21. Use properly fitted o-rings, membranes, etc. in triaxial or permeability tests.

22. Evenly trim the ends and sides of undisturbed samples.

23. Be careful to identify slickensides and natural fissures. Report slickensides and natural fissures.
24. Also do not mistakenly identify failures due to slickensides as shear failures.

25. Do not use unconfined compression test results (stress-strain curves) to determine elastic modulus
values.

26. Incremental loading of consolidation tests should only be performed after the completion of each
primary stage.

27. Use proper loading rate for strength tests.

28. Do not guesstimate e-log p curves from accelerated, incomplete consolidation tests.

29. Avoid “Reconstructing” soil specimens, disturbed by sampling or handling, for undisturbed testing.

30. Correctly label laboratory test specimens.

31. Do not take shortcuts: using non-standard equipment or non-standard test procedures.

32. Periodically calibrate all testing equipment and maintain calibration records.

33. Always test a sufficient number of samples to obtain representative results in variable material.

5.5.2 Developing the Testing Plan

The amount of laboratory testing required for a project will vary depending on availability of preexisting
data, the character of the soils and the requirements of the project. Laboratory tests should be selected to
provide the desired and necessary data as economically as possible. Specific geotechnical information
requirements are provided in the WSDOT GDM chapters that address design of specific types of
geotechnical features. Laboratory testing should be performed on both representative and critical test
specimens obtained from geologic layers across the site. Critical areas correspond to locations where
the results of the laboratory tests could result in a significant change in the proposed design. In general,
a few carefully conducted tests on samples selected to cover the range of soil properties with the results
correlated by classification and index tests is the most efficient use of resources.

The following should be considered when developing a testing program:
e Project type (bridge, embankment, rehabilitation, buildings, etc.)

e Size of the project

e Loads to be imposed on the foundation soils

e Types of loads (i.e., static, dynamic, etc.)

e  Whether long-term conditions or short-term conditions are in view
e C(ritical tolerances for the project (e.g., settlement limitations)

e Vertical and horizontal variations in the soil profile as determined from boring logs and visual
identification of soil types in the laboratory

e Known or suspected peculiarities of soils at the project location (i.e., swelling soils, collapsible soils,
organics, etc.)
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e Presence of visually observed intrusions, slickensides, fissures, concretions, etc in sample —
how will it affect results

e Project schedules and budgets
e Input property data needed for specific design procedures

Details regarding specific types of laboratory tests and their use are provided in Sabatini, et al. (2002).

5.6 Engineering Properties of Soil

5.6.1 Laboratory Index Property Testing

Laboratory index property testing is mainly used to classify soils, though in some cases, they can also be
used with correlations to estimate specific soil design properties. Index tests include soil gradation and
plasticity indices. For soils with greater than 10 percent passing the No. 200 sieve, a decision will need to

be made regarding the full soil gradation curve is needed, requiring a hydrometer test in addition to sieve
testing of the coarser particles (AASHTO T8R). or if a coarse gradation is enough (AASHTO T27). The

full gradation range (AASHTO T88) will be needed in the following situations:

e [ateral load analysis of deep foundations using strain wedge theory

e Liquefaction analysis

o Infiltration design, or other analyses that require the determination of hydraulic conductivities
e Other analyses that require a dj_size, coefficient of uniformity, etc.

Classification using the coarse sieving only (AASHTO T27) may be adequate for design of MSE walls,
general earthwork, footing foundations, gravity walls, and noise walls. These end use needs should be

considered when planning the laboratory investigation for a project.

5.6.2 Laboratory Performance Testing

Laboratory performance testing is mainly used to estimate strength, compressibility, and permeability
characteristics of soil and rock. For rock, the focus is typically on the shear strength of the intact rock,

or on the shear strength of discontinuities (i.e., joint/seam) within the rock mass. For soil, shear strength
may be determined on either undisturbed specimens of finer grained soil (undisturbed specimens of
granular soils are very difficult, if not impossible, to get), or disturbed or remolded specimens of fine or
coarse grained soil. There are a variety of shear strength tests that can be conducted, and the specific type
of test selected depends on the specific application. See Sabatini, et al. (2002) for specific guidance on
the types of shear strength tests needed for various applications, as well as the chapters in the WSDOT
GDM that cover specific geotechnical design topics.

Disturbed soil shear strength testing is less commonly performed, and is primarily used as supplementary
information when performing back-analysis of existing slopes, or for fill material and construction quality
assurance when a minimum shear strength is required. It is difficult to obtain very accurate shear strength
values through shear strength testing of disturbed (remolded) specimens since the in-situ density and

soil structure is quite difficult to accurately recreate, especially considering the specific in-situ density
may not be known. The accuracy of this technique in this case must be recognized when interpreting

the results. However, for estimating the shear strength of compacted backfill, more accurate results can
be obtained, since the soil placement method, as well as the in-situ density and moisture content, can be
recreated in the laboratory with some degree of confidence. The key in the latter case is the specimen size
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