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EXECUTIVE SUMMARY

The estimation of saturated hydraulic conductivity (Ksat) is a key step to assess
the rate of infiltration, whether that estimate is for an infiltration pond or trench, a
highway embankment, or for natural dispersion in general. The focus of this research is
to assess available methods for estimating Ksat, especially with regard to the ability of
various methods to assess Ksat in both a loose, uncompacted state as well as in a
compacted state for embankments. Ksa: prediction for natural soils is also considered.
The existing Ksa prediction equation in the WSDOT Highway Runoff Manual (WSDOT
2016a) and WSDOE Stormwater Management Manual for Western Washington
(WSDOE 2014), as well as other historical Ksat prediction equations, were evaluated,
especially with regard to their ability to account for the effects of compaction. To
accomplish this, a series of relatively large diameter (i.e., 6 to 9 inch diameter) saturated
hydraulic conductivity tests were conducted both in a loose state and in a compacted
state. A range of soil types were tested which include typical embankment soils as well
as synthetically created soils reconstituted from natural soils. Rigid wall constant head
permeability tests and flexible wall permeability tests were conducted as appropriate
depending on gradation of the soil being tested. A total of 73 tests were conducted to
assess the effect of compaction. In addition, 137 saturated hydraulic conductivity tests
were obtained from the literature as summarized by Chapuis (2004) to use as a basis for
comparison to the tests from the current study to ensure that the current test results are
reasonably consistent with similar test results obtained by others.

For all of the data sets considered, including the ones developed specifically for
this study, the measured Ksat appeared to be moderately to strongly correlated to the soil
d1o size and moderately correlated to the soil uniformity coefficient, Cy. Considering that
most Ksat prediction equations developed to date include dio as an equation parameter,
the strong correlation to d1o was expected. Cy has not been used much in Kss prediction
formulations, though logically, it should be expected that the soil uniformity would affect
the soil K.

Existing Ksat prediction equations evaluated include Eg. 1 (Massmann 2003,
WSDOE 2014, and WSDOT 2016a), Eq. 2 (Hazen 1892), Eq. 3 (Slichter 1898), Eq. 4
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(Terzaghi 1925), Eqg. 5 Cozeny-Carmen (as reported in Chapuis 2012), and Eq. 6
(Chapuis 2004). Of these, only the Slichter, Terzaghi, Cozeny-Carmen, and Chapuis
equations are directly capable of addressing the effects of compaction or over-
consolidation through the porosity or void ratio. All of these equations have, for the most
part, been empirically developed, and their accuracy is dependent on the empirical data
used to develop them.

The soils used in the current study are characterized as consisting of subangular to
angular particles that are irregular in shape. An exception to this is that the coarsest
particles used were more rounded. Additionally, the soils tested are more well graded
than soils used in previous studies. The majority of the soils encountered by WSDOT,
especially for embankments, are glacial in origin, which tend to consist of well graded
subangular to angular soil particles. Some of these historical Ksa equations were more
affected by the difference in these soil characteristics than others. Of course the Hazen
Equation is only a function of d1o, and it was clear that the measured Ksat values for the
compacted soils were consistently smaller than predicted by that equation, which was
developed for loose soils.

All of the historical Ksat equations needed some empirical adjustment to more
accurately fit the measured Ksa: measurements. Recalibration of those equations was
accomplished through a combination of using regression and optimization tools in Excel
(i.e., the SOLVER function) as well as final adjustments conducted without those tools.
The difference in the data set soil characteristics for the tests conducted within the current
study versus the soils and materials tested by others (e.g., Chapuis 2004) did effect the
accuracy of the historical Ksa prediction equations. The Terzaghi, Slichter, and Chapuis
equations were least affected by this, and it was possible to obtain a reasonably consistent
accuracy for all of the data sets considered. After the historical equations were
optimized, the optimized Slichter (Eq. 9), Terzaghi (Eqg. 10), and Chapuis (Eq. 11)
equations provided the most accurate Ksat predictions over the widest range and could
also account for the effect of compaction on Ks through the porosity (or void ratio).

Regarding the application of these results in infiltration design practice, the
estimation of soil porosity can be a hindrance, especially for new compacted

embankments, since even the specific soil characteristics of the embankment fill may not
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be known during design. However, the fill material specifications are likely known, and
the potential material sources that could be used for the fill may be known. Therefore, if
the soil gradational property ranges can be determined, then the range in Ksat values for
the proposed fill could be estimated, if the porosity of the compacted fill can be estimated
using soil gradation parameters.

Porosity cannot be estimated with soil gradation properties alone. Using the data
gathered in this study, as well as data gathered by others reported in the literature, the
effect of soil gradation parameters on how well a given soil can be compacted was
assessed. The effect of compaction on porosity, considering the soil gradational
parameters, was only developed crudely (i.e., the effect of compaction is either on or off
in the current study). Based on the available data, use of a porosity estimated from
gradational parameters considering compaction effects in the optimized Slichter,
Terzaghi, and Chapuis equations had only a minimal effect on their Ksa prediction
accuracy.

The full scale infiltration pond examples provided in Massmann (2003) were used
to assess the ability of the optimized Slichter Equation (Eq. 9) and the original equation
(Eg. 1) by Massmann (2003) to predict full scale field infiltration rates. To estimate
infiltration rates, the hydraulic gradient as well as other factors that may the infiltration
rate must be determined. Therefore, the estimated Ksa values were used in combination
with calculated hydraulic gradients for those ponds, and correction factors to account for
the pond bottom conditions (i.e., in a well maintained condition, or in a poor condition
due to siltation and biofouling), to assess infiltration rate prediction accuracy. From this
analysis, it was observed that at the largest soil dio values for the case histories evaluated,
the estimated infiltration rates using both the optimized Slichter and historical Massmann
(2003) equations to estimate Ksa, the predicted and measured infiltration rates are fairly
close together. However, at smaller dio values (i.e., high silt content soils), the scatter in
the predictions increases, and infiltration estimates using the optimized Slichter Equation
for Ksat are consistently lower (i.e., more conservative) than when the Massmann (2003)
Equation is used to determine Ksat. It was also observed that the predicted infiltration
rates when using either Ksit method are mostly less than the measured rates. In one of the

cases when using the optimized Slichter Equation, the prediction was very conservative,
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and in a couple of cases when using the Massmann (2003) Equation the prediction was
slightly unconservative. Based on these observations, it appears that the
siltation/biofouling reduction factor is overly conservative for finer grained soils (i.e.,
when the soil d1o is less that about 0.01 mm).

The report concludes with the recommendation that that current Kss: prediction
equation in the WSDOT Highway Runoff Manual (WSDOT 2016a) be replaced with the
optimized Slichter Equation (Eqg. 9) since it is the simplest of the three optimized
equations (i.e., Slichter, Terzaghi, and Chapuis). However, any of these three equations
should be considered acceptable and equally accurate, and therefore should be acceptable
to use for design. If only grain size data is available for estimation of Ksa for an
embankment soil or for subsurface natural soil strata, the porosity can be estimated using
eq’s. 13 and 14, which use the soil dio size, Cy, and the degree of compaction or over-
consolidation (i.e., either it is compacted or loose, or for natural subsurface soil strata it is

either over-consolidated or normally consolidated) as input parameters.
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THE PROBLEM

Storm water infiltration facilities are used routinely by the Washington State
Department of Transportation (WSDOT), local agencies, and private developers to
reduce the hydrologic and environmental impact of storm water runoff from constructed
facilities. Typically, the size of facilities designed to infiltrate storm water runoff is
determined assuming that all of the runoff is captured by the infiltration facility.
However, for the transportation facilities there can be significant infiltration of this runoff
in the slopes below the paved roadway surface through natural dispersion processes
before it can be collected and transported to storm water runoff infiltration and retention
facilities adjacent to the transportation facility.

In many cases, the slope below the transportation facility (e.g., highway) is the
surface of a compacted embankment. Previous infiltration research has primarily been
focused on infiltration of storm water into natural soils that have not been subjected to
compaction (e.g., Massmann 2003, 2008). However, a rather common situation is that
the stormwater could infiltrate into embankment soils that have been compacted or into
natural soils that have become relatively dense due to natural processes such as the
historical, or prehistorical, loading due overburden soils, or even glacial loading.

The rate of infiltration into soils is determined through a two-step process: (1)
estimate the hydraulic conductivity of the soils to be infiltrated, and (2) estimate the
hydraulic gradient considering the depth to the ground water surface. Since the tools
available to estimate the hydraulic conductivity of soils considering the effect of
compaction are limited (Massmann 2008), improved tools to accomplish estimation of
hydraulic conductivity of compacted soils are needed. To extend the work conducted by
Massmannn (2003, 2008), the present study focuses on saturated hydraulic conductivity
(i.e., Ksat) laboratory testing of uncompacted and compacted granular soils typically used
as embankment materials, as well as which occur naturally in the soils below the
embankments. Development of any modifications needed to estimate the hydraulic
gradient within and below embankments (i.e., Step 2) is beyond the scope of this

research.
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BACKGROUND AND REVIEW OF PREVIOUS WORK

Saturated hydraulic conductivity (Ksat) is a key property needed for the
assessment of infiltration rates in soils. In previous WSDOT sponsored research on
infiltration design, Massmann (2003) developed correlations between Ksa: and the grain
size distribution of the soil using laboratory air conductivity testing, but converted to
saturated hydraulic conductivity values. Massmann (2008) later extended that research to
coarser grained soils, such as those found in Eastern Washington. Massmann (2003)
considered both laboratory hydraulic conductivity test results and back analysis (i.e.,
hindcasting) of measurements from full scale infiltration facilities to develop and
evaluate Ksa correlations. Both studies were focused on infiltration rates of natural soils
rather than compacted embankment soils.

Furthermore, the correlations developed were based on saturated hydraulic
conductivity, not partially saturated hydraulic conductivity values. Massmann (2003)
developed and evaluated models considering both saturated and unsaturated flow, and
concluded that using a saturated flow model was a reasonable and usually conservative
approximation to the more complex unsaturated flow model. With regard to infiltration,
infiltration rates tend to be higher in unsaturated conditions because the hydraulic
gradient is higher due to greater ground water table depth. The saturated flow infiltration
rate gets more conservative relative to the unsaturated flow infiltration rate for the

following situations:

e asthe depth to the water table gets deeper,
e as the soil permeability values get lower (i.e., for finer grained soils), and

e earlier in the wet season when the soils are drier (Massmann 2003).

In such cases, the saturated flow infiltration rate may be 2 to 3 times lower, or at most
less than an order of magnitude lower, than the unsaturated flow infiltration rate. Hence,
use of Ksat as the key design parameter to characterize the soil is reasonable and
conservative, as well as practical with regard to computational effort and site

characterization needs. Massmann (2003) should be reviewed for more details on the
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analyses conducted and the differences observed for saturated and unsaturated flow

conditions.

Use of Air Conductivity Test Results to Obtain Soil Ksa: Values

The specific procedures used to measure air conductivity values for the range of
soils tested in the previous research are described in Massmann (2003). Soils used in the
experiments included soils with synthetically created gradations as well as natural soils
taken from actual infiltration sites in western Washington. Synthetic soils were created
from various sizes of silica sand (No. 16, No. 50, and No. 125), and rock flour to provide
the fines. Since these soils were manufactured in a dry state, further drying to make them
ready to create the synthetic soils was not necessary. The natural soils taken from various
sites were air-dried to make them ready for placement into the air permeameter, as
residual moisture in the specimens can contribute to error in the measured air
permeability (Massmann 2003).

Massmann (2003) indicates that translation of air conductivity to Ksa: can become
more inaccurate as the soil becomes finer grained, especially when swelling clays are
present that can reduce conductivity of the soil upon wetting, causing air conductivity
measurements to be too high relative to the saturated hydraulic conductivity values.
Since no expansive clays appeared to be present in the natural soil samples, Masssman
(2003) assumed no correction for this was needed. However, for the finer natural soils
tested, a significant percentage of the soil particles were fine enough to be considered
clay (Massmann 2003). The nature of the clay present (i.e., from plasticity index test
results or other data) was not provided.

Massmann (2003) also summarized work by others (Weeks, 1978; Blackwell et
al., 1990; Loll et al., 1999; Iverson, et al., 2001) in which air conductivity values were
compared to in-situ hydraulic recharge tests for the same soil or to laboratory scale
hydraulic conductivity tests. The studies conducted by Weeks (1978) indicated that the
measured air conductivity values converted to saturated hydraulic conductivity were 2 to
3 times higher than the saturated hydraulic conductivity values from the recharge tests,
especially for tests conducted at shallower depths. In the tests conducted by Loll, et al.

(1999), when comparing air conductivity test results converted to saturated hydraulic
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conductivity with hydraulic conductivity test values, the Ksat values derived from both
test types were generally within +0.7 orders of magnitude of one another. Greater scatter
in the comparisons was observed when the hydraulic conductivity values were less than
0.001 cm/s. Iverson, et al. (2001) conducted air and hydraulic conductivity tests in
“textured” soils and found that the 95% prediction interval was +1.7 orders of magnitude
(i.e., a factor of 50) for loamy samples and +0.4 orders of magnitude (i.e., a factor of 2.5)
for the sandy soils.

It must be recognized that Ksat values range over many orders of magnitude for
the typical soils found in practice. Therefore, the amount of scatter in Ksat measurements,
both in the laboratory and in-situ, should be expected to be significant. Massmann (2003)
indicated that the advantage air conductivity tests is they can be run quickly at relatively
low cost, allowing more experiments to be conducted to better capture the variability in
the measurements. He concluded that this advantage outweighed the disadvantage of
additional error that could occur relative to hydraulic conductivity tests, considering that
the hydraulic conductivity tests themselves can also have significant variability.

However, it is also desirable to reduce the potential error in the measured Ksat
values as much as possible. Therefore, hydraulic conductivity measurements should be
given more weight when assessing correlations with grain size parameters. This appears
to be especially important as the soil gradation becomes finer since the error incurred by

using air conductivity measurements to determine Ksa tends to increase significantly.

Recommended Ksa: Correlations from Previous WSDOT Infiltration

Research

The correlation developed from this previous research applies to silty to clean
sands (Massmann 2003):

Logao(Ksat) = -1.57+1.90d10+0.015060-0.013d50-2.08F fines (1)

where, d1o, deo, and dgg are the grain sizes for which 10%, 60% and 90% of the sample by
weight, respectively, is finer, and Frines IS the fraction of soil (by weight) that passes the

No. 200 sieve. This equation is units specific, and the grain sizes must be in mm, and
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Ksat IS in cm/sec. This equation is also specified in the Washington State Department of
Transportation (WSDOT) Highway Runoff Manual (WSDOT 2016a) and the
Washington State Department of Ecology (WSDOE) Stormwater Management Manual
for Western Washington (WSDOE 2014). Massmann (2008) also suggested some
refinements to Eq. 1 to extend its range of applicability, but those refinements were never
adopted by WSDOT.

Previous Work on the Estimation of Ksat and the Effect of Compaction
Chapuis (2012) provided an extensive summary on the determination of K for
soils. It is not the intent of this report to re-summarize what is already summarized quite
well in that paper. However, key features of that summary, as well as information found
in other publications, are provided to help set the stage for the current study.
The soil dyo size (typically in mm) has been used for over 100 years as a key
parameter for the prediction of Ksat. For example, Hazen (1892) recommended the

following empirical relationship for loose, uniform sands:

Ksat = Cd1o? 2)

in which C = 1.16 for loose sand up to 1.5 for very uniform loose sand, Ksat is in cm/s
and d1o, the grain size at which 10% of the material passes by weight, is in mm. In long-
term practice, C has ranged from 0.4 to 1.5, ranging from 0.4 to 0.8 for fine, high fines
content, well graded silty sands, 0.8 to 1.2 for medium coarse poorly graded to clean
coarse well graded sands, and 1.2 to 1.5 for very coarse, very poorly graded, clean
gravelly sand (Bowles 1979). This range is sometimes further simplified to a value of 1.0
for typical field applications. C = 1.0 is used for this method in the analyses that follow.

A short-coming of the Hazen equation is that it cannot be directly applied to soils
in a dense (i.e., compact, over-consolidated) state, though extending the equation
empirically may be possible (Chapuis 2004). A contemporary of Hazen (1892) was
Slichter (1898), who included porosity as a key property to assess Ksat, in addition to an
effective grain size diameter. However, it was derived from a more theoretical

standpoint, assuming the soil to be uniform spheres (Terzaghi 1925). The form of
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Slichter’s equation is similar to Hazen, but with the addition of a porosity term (as
simplified and reported in Vukovic and Soro 1992, but corrected for the units provided

below):

Ksar = 10-2773'287d%0 3)

where,
1 = porosity, and

Ksat is in cm/s, and d1ig is in mm.

The coefficient in Equation 3 reported by Vukovic and Soro (1992) of 5.74 corresponds
to the water viscosity at 0° C. To represent the equation at 20° C, the coefficient
increases to approximately 10.2 (i.e., increasing the temperature from near 0° C to 20° C
decreases the viscosity by a factor of approximately 1.78, increasing Ksat). Since this
equation is likely the earliest method that incorporates soil porosity, an evaluation of this
method can be instructive in understanding the role porosity plays in the prediction of
Ksat, and the feasibility of using soil porosity to account for the density of the soil.
Terzaghi (1925) also used porosity as a key property to include in a Ksat
prediction method, enabling the prediction to include the effect of soil density. The

Terzaghi equation is as follows:

2
-0.13

Ksat = CO%(Z\/E) d%o (4)

where,

Co = 8 for smooth grains and 4.6 for grains of irregular shape
M1o = water viscosity at 10° C
Mt = water viscosity at the soil temperature “t” (usually 20° C)

M = porosity

For laboratory conditions, the ratio pio/pt can usually be taken as 1.30.
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To develop this semi-empirical equation, Terzaghi started with theoretical
considerations developed by Slichter (1898) and empirical developments by Hazen (Eq.
2) for clean loose sands. The result related the permeability to the square of the effective
grain size, defined as the dio size. Furthermore, Terzaghi’s formulation assumed that the
widest parts of the capillary channels through which the water flows have at least five
times the cross-section of the narrowest ones. This means that the loss of head per unit
length of the narrowest channels is at least 25 times greater than the loss per unit length
of the widest ones. He then treated the percolation of water through the soil (a sand was
in view here) like a series of sieves in series, in which the resistance to percolation is
confined to the sieves while in the spaces between the sieves the resistance is negligible.
This semi-empirical model was then adjusted empirically from experimental data using
the Co coefficient, within the limits of void ratio of 0.352 to 0.905. However, it was not
clear in Terzaghi (1925) how the 0.13 value subtracted from n was derived, but appeared
to be the result of both theoretical and empirical considerations.

Taylor (1948), Kozeny (1927), and Carmen (1937, 1939) independently
developed Ksat prediction methods that included the void ratio instead of porosity, also
enabling the prediction of Ksa for soils with different degrees of compaction or
consolidation. A common scalar in their equations to characterize the effect of void ratio,
e, is e3/(1+e). So if the void ratio can be determined, then the Ks: prediction can be
extended to soils that are in a compact or dense state. From this work, the Cozeny-
Carmen Method as shown in Eq. 5 below was developed, as reported in Chapuis (2012):

Koo = € 1 (ratamm) ®
where,

C = a constant that depends on the porous space geometry

g = gravitational constant (m/s?)

uw = dynamic viscosity of water (Pa-s)

pw = density of water (kg/m?)

Gs = specific gravity of solids
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Ss = specific surface of solids (m?/mass of solids in kg)

e = void ratio

While the method can be used with a reasonable degree of accuracy for non-plastic soils,
e.g., one-third to 3 times the measured K value, due to the difficulty of determining Ss,
this method is not commonly used (Chapuis 2012).

Chapuis (2004) developed a method using the same void ratio scalar, but
simplified the approach using dio rather than Ss. Since this method includes the void
ratio, it provides a potentially useful approach to dealing with the compaction effect on
Ksat, providing a relationship between Ksat, d10, and void ratio. His method was based on
100 rigid wall permeameter hydraulic conductivity tests on sands with void ratios that
varied from 0.4 to 1.5, with an effective grain size diameter, d1o, of 0.13 to 1.98 mm.

Based on this work, Chapuis (2004) provided the following equation to estimate Ksat:

0.7825

2 €
K = 24622 |d3,—| (6)

Where “e” is the void ratio, and other variables are as defined previously. Chapuis
(2004) concluded that this equation provides a reasonably accurate prediction for Ksat
values for soils with d1o size of 0.003mm to 3 mm, provided the soil is not from crushed
rock (due to particle angularity), tills, or clays. The effect of angularity on Ksa values has
been recognized for many years, in that Terzahgi (1925) reduced the Ksa value of soil
with angular grains predicted from his equation to 60% of the Ksa value for rounded
grains. However, Chapuis (2004) found for Eq. 6 that the scatter in the Ksat predictions
relative to the measured values for crushed (i.e., angular) materials was large and the
prediction overall was poor.

Figure 1 illustrates the range of test results considered by Chapuis (2004) in the
development of Eq. 6, and Figure 2 shows predicted and measured Ksa values for several
Ksat prediction methods. All test results provided in the figure are from laboratory
hydraulic conductivity tests. With regard to Figure 2, the power law equation is Eg. 6
(referred to as Eq. 17 in Figure 2). The extended Hazen equation referred to in Figure 2

(Chapuis 2004) is approximately equal to:
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Ksat (in cm/s) = 1.5d10%€3(1+emax)/[€max>(1+€)] (7)

where,
e = the void ratio

emax = the void ratio for the soil’s loosest state

The NAVFAC equation referred to in Figure 2 (as reported and extended in Chapuis
2004) is:

Kgqe(in cm/s) = 101.291e—0.6435[dlo(mm)]10°-5504—0-2937e

(8)
Where, all variables are as defined previously.

As can be observed from these figures, both Eg. 6 as proposed by Chapuis (2004)
and Eq. 4 as proposed by Terzaghi (1925) produce reasonably accurate predictions for
Ksat values ranging from 0.01 to approximately 1 cm/s. Based on Figure 2, the Terzaghi
equation appears to over-predict the Ksat value at relatively high values of Ksxt and under-
predict the Ksat value at relatively small values of Ksat, and that trend appears to be
consistent throughout the range shown in the figure.

The use of void ratio in the Chapuis (2004) equation, or porosity as used in the
Terzaghi (1925) equation, makes them potentially useful in that compaction, at least
theoretically, should affect the soil void ratio and porosity, i.e., the greater the
compaction, the smaller the void ratio and porosity.

Massmann (2008) summarized work conducted by Leroueil et al. (2002) and
Watabe et al. (2000) for compacted tills with at least some clay content (i.e., greater than
approximately 2 to 4%) over a range of void ratios from 0.2 to 0.3. Figure 3 provides an
example of the results, in which hydraulic conductivity is plotted as a function of void
ratio. Note that the hydraulic conductivity value at the right end of the horizontal axis in
Figure 3 is 0.001 cm/sec. For soils near the upper end of the range evaluated (i.e., 0.001
to 0.0001 cm/sec), changes in void ratio have an even stronger effect on hydraulic
conductivity than indicated by the Chapuis (2004) equation. This suggests that as soils
become finer and more well graded, compaction effects may be significantly greater than
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is the case for relatively clean coarse grained soils. Watabe et al. (2000) also show data
that indicate the degree of saturation during compaction can affect the Ksa values for till
soils (see Watabe et al. 2000 for additional details).
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Figure 3. Effects of void ratio and clay content on hydraulic conductivity of compacted tills (from
Leroueil et al., 2002).

Massmann (2008) also provided a preliminary evaluation of the effects of
compaction on granular noncohesive soils through a literature review. In general, based
on this preliminary evaluation, Massmann found that the effect of compaction on Ksa is
sensitive to factors such as grain size distribution, moisture content, and degree of
saturation during compaction. Massmann (2008) concluded that the available data in the
literature provides a good starting point for evaluating the effect of compaction on
saturated hydraulic conductivity, but that more test data are needed to quantify the effect
of compaction on the estimation of Ks. In the interim, Massmann (2003) and WSDOT
(2016a) recommend Ksat for uncompacted soils be reduced by a factor of 0.2 for clean
uniformly graded sands and gravels, 0.1 for well-graded soils with moderate to high silt

content, or 0.067 for clayey soils due to compaction.
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OBJECTIVE AND SCOPE OF THE CURRENT RESEARCH

To extend the work conducted by Massmann (2003, 2008), the present study is
focused on laboratory saturated hydraulic conductivity (i.e., Ksat) testing of granular soils,
obtaining measurements of Ksat for various soil gradations, both naturally and
synthetically derived, in which the samples are prepared in an uncompacted and in a
compacted state. The Ksat values obtained from the samples tested in an uncompacted
state are used to relate the new data obtained from the current study to previous tests
obtained and analyses conducted by Massmann (2003, 2008) and others (e.g., Chapuis
2004). These test results are then compared to the Ksat values obtained from the
compacted soils to assess the effects of compaction on Ksa.

The objective of this research is to improve upon the Kss correlations developed
by Massmann, if possible, to account for the effects of compaction on Ksa, and reassess
the Ksat correlations for uncompacted (i.e., loose) soils as needed based on the new
hydraulic conductivity data. The scope of this study is limited to a laboratory
investigation of saturated hydraulic conductivity of typical WSDOT embankment soils,

both in a compacted and an uncompacted state.
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RESEARCH APPROACH

The infiltration and Ksat research conducted by Massmann (2003, 2008) is used as
a starting point for the current research. However, for the current study, saturated
hydraulic conductivity (i.e., Ksa) tests were conducted rather than air conductivity tests to
assess the effects of compaction on Ksat, as the water content of the soil during
compaction (i.e., during specimen preparation) is important. Proper, adequately
controlled, specimen compaction would be difficult to achieve using an air permeameter,
since the specimens would have to be dry in that case. The overall approach used is to
perform a series of large diameter, saturated hydraulic conductivity tests on a range of
soils with various fines contents and two levels of compaction to obtain measured Ksat

values. The two levels of compaction are:

e uncompacted (i.e., placed in layers and very lightly tamped only for maintaining
uniformity), and

e fully compacted to represent embankments compacted to WSDOT standards
(e.g., 90 to 95 percent of standard or modified proctor, AASHTO T99 or
AASHTO T180, respectively, depending on soil type, per Section 203.3(14)C of
the WSDOT Standard Specifications for Road, Bridge, and Municipal

Construction).

Soil typical of embankment materials used by WSDOT was obtained for this laboratory
testing. Both naturally occurring granular soils, and natural granular soils mixed with
various amounts of fines (i.e., non-plastic silt) to obtain the range of soil gradations
needed for this study, are used. For the coarse soils, a rigid wall permeameter is used,
and for the higher fines content soils, a flexible wall permeameter is used.

It was originally intended to primarily conduct rigid wall permeameter testing,
focusing on relatively low fines content soils (i.e., with less than 10% passing the No.
200 sieve), as the test procedures available for rigid wall permeameters limit the fines
content to 10%. The rigid wall permeameter testing was conducted in 2008 as the first
phase of this investigation. For higher fines content soils, a flexible wall permeameter is
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needed. Testing primarily using the flexible wall permeameter was conducted as the
second phase of this investigation, completed in 2013 and 2014. Only the coarsest soils
tested in 2013 and 2014 used a rigid wall permeameter due to limitations of the flexible
wall permeameter with regard to maximum flowrate. Test results from both phases of the

testing are combined and analyzed in the current study.

Materials Tested

Two sets of soils were used for the testing conducted. The testing conducted in
2008 focused on actual materials typically used for WSDOT embankments. The testing
conducted in 2013 and 2014 focused on extending that initial work to a wider range of
soils, especially higher fines content soils, by artificially mixing natural soils to produce
other gradations.

Some of the soils used for the rigid wall permeameter testing conducted in 2008
were obtained from pit sites that have been used to supply WSDOT projects with
embankment materials. The Glacier NW, Inc., pit in Dupont, WA was used as one of the
sources for the soils used in the experiments. In this case, materials meeting the WSDOT
Standard Specifications (2008), Sections 9-03.14(1) and 9-03.14(3) for Gravel Borrow
and Common Borrow, respectively, were obtained from these pit sites. For the Gravel
Borrow, two samples were obtained: one that had a very low fines content, and one that
had a fines content that was close to the upper range allowed for Gravel Borrow (i.e., 7%
fines maximum). The specification requirements for these materials are summarized in
Table 1. The soils obtained from these pits were not crushed, but they were sieved by the
pit owner from naturally occurring gravels and sands to obtain the gradations needed to
meet the specification requirements. The remaining soils tested in 2008 were naturally
occurring. One of the soils used met the WSDOT Standard Specifications (2008) for
Select Borrow, Section 9-03.14(2). This soil was obtained from a pit site located in
Grand Mound south of Olympia, Washington. A naturally occurring glacial outwash soil
from the Grand Mound pit was also obtained and tested. Glacial outwash soils can be
used to meet select or even gravel borrow Standard Specification requirements for
embankments, or could simply be an infiltration receptor stratum below the embankment.

Glacial outwash soils tend to be coarse grained, well graded, and have high permeability,
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and the soil used for this study was no exception to that characterization. For all the soils

tested, the gravel portion of the soil appeared to be subrounded. However, the sands were

typically subangular, with some angular and some subrounded particles, which is typical

for glacial soils in Western Washington. Figure 4 shows an example of the soil tested in

2008. Soil descriptions and laboratory test summaries for the 2008 testing are provided

in Appendix A.

Table 1. Soil gradation Standard Specifications (WSDOT 2008) for soils tested.

Material Property/Sieve Size Requirement
Gravel 4inch 99 to 100 % passing
Borrow
2 inch 75 to 100% passing
No. 4 50 to 80% passing
No. 40 0 to 30% passing
No. 200 0 to 7% passing
Sand Equivalent 50 minimum
Select 6 inch 99 to 100 % passing
Borrow
3inch 75 to 100% passing
No. 40 0 to 50% passing
No. 200 0 to 10% passing
Sand Equivalent 30 minimum
Common Plasticity Must be “non-plastic”, defines as no test requirement if
Borrow have less than 15% passing the No. 200 sieve, or if the

soil fraction passing the No. 40 sieve cannot be rolled into
a thread per Section 4 of AASHTO T90

Organic content by weight

Less than 3%

Figure 4. Close-up of soil as placed in

s s

the rigid wall test ceII for soil used in the 2008 testing.
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For the 2013 hydraulic conductivity testing, different gradations of material were
artificially constructed, with each gradation including 10, 20, and 30 percent fines for a
total of 9 different gradations. In 2014, additional samples were prepared to fill gaps in
the data and to extend the upper and lower ranges of soil gradation, and permeability. A
combination of four sources, all of which contained materials that were geologically

similar, was used to get the range of grain sizes needed. These spources are as follows:

e The Grand Mound pit site mentioned previously (provided coarser sands and
gravels for the 2013 and 2014 testing),

e Two embankment sites near the Mellen Street Interchange project on I-5 north of
Centralia, Washington (provided sands and silts for the 2013 and 2014 testing),

e Asite along SR-502 near Battle Ground in southwest Washington (provided finer
sands and silts for the 2013 and 2014 testing), and

e Asite near the Rock Creek Bridge on SR-6 (provided fine silts and clays for only
the 2014 testing).

To develop the various gradations needed, all the soil used was dried and sieved
using the 3 inch, 1.5 inch, 0.75 inch, No. 4, No. 10, No. 40, No. 60, No. 80, No. 100, and
No. 200 sieves. The soil retained on each sieve was placed in a separate bucket. The
weight of each soil fraction needed to artificially produce the desired gradation for each
test specimen was determined and the test specimen produced (plus about 10% more to
make sure enough soil would be available). Then the soil fractions for each specimen
were blended together in a bowl and thoroughly mixed, being careful not to lose any soil.
The mixed soil was then placed into the specimen mold for each test. For soils that
contained more than 10% fines (i.e., particle sizes smaller than the #200 sieve),
hydrometer analyses were conducted so that the d1o size could be more accurately
determined.

Close-up photos of the soils used, at least for the 2013-2014 testing, are provided
in Figures 5 through 7 to illustrate the angularity and particle shape. Based on visual
observations from the 2008 testing, those soils also followed a similar pattern with regard
to particle angularity (e.g., Figure 4). Considering that much of the hydraulic
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conductivity testing conducted by others has been on soils with more rounded soil
particles, some differences between the test results from previous studies and the test
results from the current study which were conducted on soils with greater angularity
should be expected, such as due to the effect of increased tortuosity (Chapuis 2004).
Additional photos of the soils included in the 2013-2014 testing, as well as detailed

laboratory test summaries and soil descriptions, are provided in appendices B and C.

5" (19)

Figure 5. Close-up of test soil grains used for 2013-2014 testing — 0.75 inch (19 mm) size.
N

-
.

Figure 6. Close-up of test soil grains used for 2013-2014 testing — 0.017 inch (0.425 mm) size.
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Figure 7. Close-up of test soil grains used for 2013-2014 testing — 0.003 inch (0.075 mm) size.

Test Procedures and Equipment Used

Both rigid wall and flexible wall permeameter testing was conducted to obtain
Ksat Values. In addition to the permeameter testing, soil gradation testing of each sample
was conducted in accordance with ASTM C-136-06. The unit weight of the specimens
was determined in accordance with ASTM D7263-09. For both the rigid and flexible
wall permeameter testing, test specimens reflect the gradation of the material sampled for
the 2008 testing. However, for the 2013 and 2014 testing, test samples were constructed
artificially using gradations that targeted different values of dio as described in the
previous section. Post-test gradations were performed on all samples to obtain the
gradations used for further analysis and to assess any changes in the soil gradation
relative to the pretest gradation. To help determine target densities and moisture content
needed to compact the specimens in the permeameter, compaction tests were conducted
in accordance with AASHTO T180 for the well graded sandy soils and in accordance
with the WSDOT T606 Max Density Test (WSDOT 2016b) for the poorly graded
gravels. Additional details regarding the compaction tests are provided in appendices D
and E.

Specimen densities were determined based on the as placed dimensions of the
specimens in the permeameter mold after saturation and testing were completed. The
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specimen diameter was fairly accurate as a result of the mold rigidity; however, the
specimen height was based on the average of several dimension readings taken on the top
of the specimen. Those readings varied by no more than 0.25 inches, and considering
that the average height from several readings was used, the accuracy of the height was
estimated to be approximately +2%, which translates to a unit weight accuracy of
approximately +2.5 pcf. Specimen height was also measured as placed before saturation
and testing. In most cases, the difference in specimen height between the before test and
after test measurement was less than 0.1 inch (3 mm). However, a few of the specimens
had a rather large difference in specimen heights — 0.5 to 1.0 inch (13 to 25 mm). Based
on observations made by the testers, most, if not all, of this change in height occurred
during the saturation phase. These bigger changes only occurred for some of the fine
sand specimens placed without compaction. This was likely the result of angular sand
particles hanging up on each other during placement, and the saturation process enabled
the particles to move past one another under their own weight to form a more stable soil
matrix. However, since specimen unit weight and porosity were determined based on
specimen measurements taken at the end of the test, and since all the compaction
occurred before the permeability testing, this problem should have a minimal influence

on the test results.

Rigid Wall Permeameter Testing:

The Standard Test Method for Permeability of Granular Soils (Constant Head),
AASHTO T215, was used for all test samples with a d1o of 0.1 mm or greater. A 6 inch
cell was used for all tests with dio from 0.12 to 1.2 mm. A 9 inch cell was used for all
tests with dio of 1.55 mm and greater. Tests conducted on the coarse gravel borrow
(2008 testing) and samples with a d1o of 5.8 and 8.4 mm (the 2014 testing) deviated from
the standard test method in that they contained particles with grain sizes larger than 19
mm. Furthermore, based on the calibration of the test equipment used, the permeability
of these very coarse specimens appears to be near the upper limits that the rigid wall

permeameter can measure. Figures 8 and 9 illustrate the rigid wall permeameter test set-
up.
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For uncompacted samples, material was placed into the cell as described in
AASHTO T215 and lightly tamped by hand using a rod with a 2 inch diameter tamping
foot. No compaction hammer was used. For compacted samples, material was also
placed into the cell as described AASHTO T215, but each layer was compacted using the
same tamping foot and a 2.25 Ib (1.02 kg) sliding weight with a drop of 12 inches (0.3
m). Compaction continued until no further deformation could be detected (no set number
of blows was used, but typically from 12 to 20 blows/layer), based on measurements of
depth to the top of the compacted soil surface. The goal of the compaction process was
to achieve at least 90 to 95% of maximum density, based on either a WSDOT Maximum
Density Test (WSDOT T606) for the coarsest soils or a modified Proctor Test (AASHTO
T180) for the rest of the soils tested. For the material as placed in the permeameter, the
target moisture content was approximately 6%. However, for the coarser specimens, the
moisture content had to be significantly reduced to approximately 1%, as more moisture
than this resulted in water pooling at the bottom of the permeameter, providing no
usefulness for compacting the specimen in the permeameter.

For saturation of all samples, a minimum vacuum of 25 inches Hg (847 millibars)
was applied to the top of the cell for 15 minutes or more. De-aired water was then slowly
drawn into the bottom of the cell until the cell was full. The vacuum was released, and
any air bubbles were removed from the cell and hose lines. Once this was accomplished,
testing commenced. Most samples tested had a saturation of over 90%, and in most cases
was in the 95% to 97% range. On average, the compacted soil specimen saturation was
89%, versus 92% for the uncompacted specimens. Note that this saturation problem did
not occur for the flex-wall tests.

Test data and measurements were entered into an Excel spreadsheet where
corrections for temperature were applied, all necessary calculations were performed, and
plots of k (permeability) and laminar flow (velocity vs hydraulic gradient) were

produced. Lateral manometers were used to measure head loss through the specimen.
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Figure 8. Test equipment setup for rigid wall permeameter testing.
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Figure 9. Close-up of rigid wall permeameter.

Flexible Wall Permeameter Testing

For the flexible wall permeameter testing, ASTM D5084 using Method C -
Falling Head Rising Tailwater, was used for all testing. A GEOTAC (Geotechnical
Acquisition & Control) system from Trautwein Testing Equipment was used. See Figure
10 for the test set-up. This system consists of three servo-controlled pumps to control
cell pressure (effective stress), influent (headwater), and effluent (tailwater). The triaxial
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pressure cell was 8 inches in diameter by 18 inches in height. Figure 11 illustrates the
software screen used to control the test.

The test specimens were 6 inches in diameter by 6 inches in height. For each of
the sample gradations, uncompacted and compacted specimens were constructed. For the
un-compacted specimen, material was placed into a split mold in 2 inch thick layers.
Each layer was lightly tamped with a tamping rod and the process repeated until the
desired height was reached, as shown in figures 12 and 13. This was done to achieve as
uniform a placement as possible, and to minimize the potential for localized soil
movement (i.e., piping) during the saturation process. For the compacted specimens, a
slide hammer (2.25 Ib rammer with a 12 inch drop) was used to compact each layer to an
unyielding condition, achieving higher densities. The goal of the compaction process
was to achieve at least 90 to 95% of maximum density as described for the rigid wall
permeameter testing. For the material as placed in the split mold for the permeameter,

the target moisture content was approximately 8%.

Figure 10. Flexible wall permeameter testing system.
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Figure 11. Software input screen for flexible wall permeameter.

Figure 12. Specimen mold with rammer and test soil.
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Figure 13. Test specimen being compacted with rammer.

Specimens were tested in accordance with the ASTM procedure noted above. A 2
psi seating pressure was applied. For saturation of the specimen, ASTM D5084 calls for
a non-pressurized water source to be connected at the bottom of the test cell and a small
vacuum applied to the top of the cell to “pull” water into the specimen. Every attempt to
follow this procedure resulted in piping of the water through the specimen, thus not
achieving saturation and creating non-uniformities in the specimen. Instead a pressurized
water source was applied to the bottom of the specimen, with an open drainage path from
the top of the specimen, limiting the volume of water entering the specimen to 0.5 ml per
minute. After approximately 50 ml of water had discharged from the top of the
specimen, the water introduction process was halted and back pressure saturation was
initiated. After back pressure saturation (at least 85 to 90% saturation was achieved for
all specimens tested), the specimens were subjected to one additional psi for an effective
stress of 3 psi for the consolidation phase (no consolidation was expected and none was

observed). For permeation, the headwater pressure was increased 2 psi while the
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tailwater pressure was held constant. On average, over 200 ml of water flowed through
each specimen. For all tests conducted, the ratio of outflow to inflow was between 0.75
and 1.25 for much of the test. Based on observations during the tests, very little, if any,
fines were washed through the specimen during testing, as the water was observed to be
mostly clear.
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TEST RESULTS

The soil specimens tested were characterized with regard to gradation, moisture
content, unit weight, and saturated hydraulic conductivity, Ksi. Compaction properties
and as placed specimen unit weights for selected soil gradations are provided in Table 2.
Gradation parameters were evaluated before and after the hydraulic conductivity testing.
Key gradation parameters needed for estimating Ksat for these soils, based on the post-
hydraulic conductivity test gradations, are summarized in Appendix F (i.e., Table F.1).
Both pre- and post-hydraulic conductivity test gradation test results for all soils for each
specimen tested are provided in appendices A through C. In most cases the differences
between the gradations taken before the hydraulic conductivity sample placement in the
test device and the gradations performed after the hydraulic conductivity testing were
minor. However, in some cases (mostly with regard to the natural soils tested in 2008)
the differences were significant. This may simply be the result of gradation variations
within the bigger sample used as the source for the test specimen (the 2008 test
specimens were taken directly from the materials source “as is” rather than recreated to
specific gradations as was done for the 2013/2014 testing). When larger differences in
the gradation did occur, the differences tended to be in the sand sized particles rather than
the silt sized particles. It should also be noted that water coming from the specimens
during the test was generally clear, indicating little, if any, soil was being washed through
the specimens.

The compaction tests were conducted to gain a better understanding of the degree
of compaction achieved in the as placed permeameter specimens relative to typical
compaction standards. Note that a reduced hammer size and drop had to be used to avoid
damaging the membrane and crushing the soil particles (Chapuis 2012). Furthermore,
compaction tests were conducted on representative soil gradations used in the Ksa tests.
Therefore, a direct correlation to compaction in terms of percent of maximum density
could not be achieved for all test specimens. Since the specimen compaction procedures
used were consistent for all specimens tested (i.e., in 2008, 2013, and 2014), the
compaction test results should be considered representative of all the specimens tested

with regard to relative degree of compaction.
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As can be seen in Table 2, 95 to 100% of the maximum density at the specimen
moisture content was typically achieved for the compacted soil tests. However, a couple
of the compacted soil test results only achieved 90% of the maximum density. For the
specimens that were slightly above 100% compaction, test variability is likely the reason
they are over 100%. In any case, the level of compaction achieved in the specimens was
consistent with typical embankment construction for WSDOT. For the “uncompacted”
specimens, the percent of maximum density observed was more variable, but typically in
the range of 80 to 85 percent. The two exceptions to this were a very coarse specimen in
which it was expected that compaction would have little effect anyway, and the other
case was likely due to the specimen consolidation that took place during saturation. This

specimen consolidation likely occurred due to the following:

e The sample was prepared to target a loose, uncompacted state.

e The soil particles were relatively angular, allowing the soil structure as initially
placed to be somewhat unstable with particles hanging up on one another.

e During the saturation process, the friction between particles was reduced enough

to allow them to slip past one another under their own weight.

The porosity and void ratio were also determined for each specimen tested, both
for the uncompacted and compacted specimens. These properties are shown in Table 3.
These properties, as well as the specimen unit weights, were determined after specimen
saturation to account for the potential effect of specimen consolidation during saturation,
especially for the uncompacted specimens.

To obtain the porosity and void ratio, the specific gravity of solids, Gs, for the
source soils used is needed. For soil samples in which Gs was not measured, a typical Gs
of 2.67 was assumed to estimate the void ratio and porosity. For the testing conducted in
2013 and 2014, the soils (No. 200 sieve or larger) were artificially created using soils that
were for the most part from the same source. The finer fraction of the soil, however, was
obtained from a couple of sources. For the coarser soil specimens, which were tested
using the rigid wall permeameter, specific gravity measurements were obtained as part of

the compaction tests conducted on representative samples, with Gs ranging from 2.67 to
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2.68. Gs was determined for all flexible wall permeameter tests as part of the hydrometer

test conducted in conjunction with the permeameter test. For these tests, the finer (i.e.,

No. 10 sieve minus) component of the soil had a measured Gs that ranged from 2.71 to

2.77.

Table 2. Summary of compaction test results, and their comparison to measured specimen unit
weights, conducted for representative soil gradations.

Compacted “Maximum Dry Unit Wt. at
1S0il Unlg(;msi?:ed Dry Unit Moisture Content for Sample %E)grlsl,\i/ltax' O/I()Dgrlsl,\i/ltax'
Wei yht (ocfy | VVEiIght.ym from AASHTO T180 Uncom a)t/:’ted Com ac)':éd
gntip (pcf) Compaction test, ymax (pcf) P P

Extreme Fine End - 0.01 107 111 109 (117 at optimum) 98 101
mm
Fine End Sand - 0.26 mm % 106 119 (127 at optimum) 81 89
(rigid wall)
Coarse Sand/Gravel — 1.55 "
mm (rigid wall) 117 124 135 87 92
Coarse Sand/Gravel — 5.8 117 119 125* 94 95
mm (rigid wall)
Gravel = 19%, Sand = 51%, 128 83 103
Silt = 30% 104 132
Gravel = 23%, Sand = 57%, 136 86 101
Silt = 20% 117 138
Gravel = 26%, Sand = 64%, 134 82 101
Silt = 10% 110 135

Tests were conducted in flexible wall permeameter, except where noted.
2As compacted specimen moisture content was 8% for flex wall tests and 6% for rigid wall tests, except the
coarser rigid wall specimens, in which the moisture content was as low as 1%.
*Based on WSDOT T606 Max Density Test (WSDOT 2016b).

Table 3 also contains data for two fine grained, natural, normally consolidated,

alluvial silt specimens obtained using a Shelby tube sampler for a project in the Chehalis

River valley south of Olympia, Washington, located just south of the terminus of the

continental glaciers that carved out the Puget Sound region. The samples had a Gs value

of 2.76, which is reasonably consistent with the values obtained from the fine-grained

portion of the soils used to create the “artificial soil” test gradations. The samples taken

were tested for permeability in the axial direction. Therefore, the permeability measured

in those two specimens is for the vertical direction. It is also possible there could be

some soil structure issues that could affect the measured permeability relative to the

remolded test specimens that make up most of the soils tested in this study. Since that

soil was normally consolidated, the test results for those samples will be considered as

“uncompacted.”

44




Table 3. Comparison of uncompacted and compacted specimen properties for tests conducted in this

study.

Compacted g Uncom- Com- Uncom- Com-
1Soi Uncompagted Dry Unit Spe0|_f|c pacted pacted pacted pacted

oil Dry Unit ; Gravity, - - - -
Weight (pcf) Weight, ym Ge Porosity, Porosity, V0_|d V0_|d

(pcf) n n Ratio, e Ratio, e

Natural alluvial soil (silt) — Chehalis River 118 -- 2.76* 0.55 -- 1.24 --

Natural alluvial soil (silt) — Chehalis River 114 -- 2.76 0.55 -- 1.23 --
Extreme Fine End - 0.005 mm 114 113 2.73* 0.33 0.34 0.493 0.52
Extreme Fine End - 0.01 mm 107 111 2.67* 0.37 0.34 0.59 0.52

Fine End Sand - 0.12 mm (rigid wall) 108 -- 2.67 0.36 -- 0.55 --
Fine End Sand - 0.12 mm (rigid wall) 113 119 2.67 0.33 0.29 0.49 0.41
Fine End Sand - 0.12 mm - 122 2.67 - 0.27 - 0.37
Fine End Sand - 0.17 mm (rigid wall) 111 117 2.67 0.34 0.30 0.52 0.43

Fine End Sand - 0.17 mm (rigid wall) 111 -- 2.67 0.34 -- 0.52 --
Fine End Sand - 0.17 mm - 123 2.67 - 0.26 - 0.35
Fine End Sand - 0.23 mm (rigid wall) 116 127 2.67 0.31 0.25 0.45 0.33
Fine End Sand - 0.26 mm (rigid wall) 96 102 2.67* 0.43 0.39 0.75 0.64
Fine End Sand - 0.26 mm (rigid wall) -- 106 2.67 -- 0.36 -- 0.56
Fine End Sand - 0.26 mm - 120 2.67 - 0.29 - 0.41
Coarse Sand/Gravel — 1.2 mm (rigid wall) 113 115 2.67 0.32 0.31 0.47 0.45
Coarse Sand/Gravel — 1.55 mm (rigid wall) 117 124 2.67* 0.30 0.26 0.43 0.35
Coarse Sand/Gravel — 2.18 mm (rigid wall) 113 120 2.67 0.32 0.28 0.47 0.39
Coarse Sand/Gravel — 2.9 mm (rigid wall) 109 119 2.68 0.35 0.29 0.54 0.41
Coarse Sand/Gravel — 3.9 mm (rigid wall) 107 111 2.68 0.36 0.34 0.56 0.52
Coarse Sand/Gravel — 5.8 mm (rigid wall) 117 119 2.68* 0.29 0.32 0.41 0.52
Coarse Sand/Gravel — 8.4 mm (rigid wall) -- 113 2.68 -- 0.32 -- 0.47
Gravel = 4%, Sand = 66%, Silt = 30% 92 121 2.71 0.45 0.28 0.83 0.40
Gravel = 4%, Sand = 66%, Silt = 30% - 128 2.71 - 0.23 - 0.30
Gravel = 19%, Sand = 51%, Silt = 30% 104 132 2.71* 0.39 0.22 0.63 0.28
Gravel = 19%, Sand = 51%, Silt = 30% - 134 2.71 - 0.21 - 0.26
Gravel = 45%, Sand = 25%, Silt = 30% 102 130 2.71 0.40 0.23 0.66 0.30
Gravel = 45%, Sand = 25%, Silt = 30% - 136 2.71 - 0.20 - 0.24
Gravel = 5%, Sand = 75%, Silt = 20% 96 129 2.76 0.44 0.25 0.79 0.33
Gravel = 49%, Sand = 31%, Silt = 20% 120 130 2.76 0.30 0.25 0.43 0.33
Gravel = 23%, Sand = 57%, Silt = 20% 117 138 2.76* 0.32 0.20 0.48 0.25
Gravel = 55%, Sand = 35%, Silt = 10% 125 137 2.77 0.28 0.20 0.38 0.26
Gravel = 26%, Sand = 64%, Silt = 10% 110 135 2.77* 0.36 0.22 0.57 0.28
Gravel = 26%, Sand = 64%, Silt = 10% 104 128 2.77 0.40 0.26 0.67 0.35
Gravel = 6%, Sand = 84%, Silt = 10% 103 125 2.77 0.40 0.27 0.67 0.38
Fine End Gravel Borrow (rigid wall) 102 118 2.67 0.39 0.29 0.63 0.42
Fine End Gravel Borrow (rigid wall) 100 120 2.67 0.40 0.28 0.66 0.39
Fine End Gravel Borrow (rigid wall) 102 121 2.67 0.39 0.27 0.63 0.37
Select Borrow (rigid wall) 113 123 2.68* 0.32 0.26 0.48 0.36
Select Borrow (rigid wall) 107 122 2.68 0.36 0.27 0.56 0.38
Select Borrow (rigid wall) 113 122 2.68 0.33 0.27 0.48 0.37
Common Borrow (rigid wall) 110 126 2.67 0.34 0.24 0.51 0.32
Common Borrow (rigid wall) 110 121 2.67 0.34 0.27 0.51 0.38
Common Borrow (rigid wall) 107 124 2.67 0.36 0.26 0.56 0.35
Sandy Glacial Outwash (rigid wall) 113 123 2.67* 0.32 0.26 0.48 0.35
Sandy Glacial Outwash (rigid wall) 111 122 2.67 0.33 0.27 0.50 0.37
Sandy Glacial Outwash (rigid wall) 110 122 2.67 0.34 0.27 0.52 0.37
Course Gravel Borrow (rigid wall) 108 115 2.67 0.35 0.31 0.53 0.45
Course Gravel Borrow (rigid wall) 108 114 2.67 0.35 0.31 0.53 0.45
Course Gravel Borrow (rigid wall) 108 114 2.67 0.36 0.32 0.55 0.46

Tests were conducted in flexible wall permeameter, except where noted.

2As compacted specimen moisture content was 8% for flex wall tests and 6% for rigid wall tests.

3Specific Gravity, Gs, assumed to be 2.67 for soils with no measurement of G; (typical for glacially derived
soils in the Puget Sound region), or was assumed to be the same as measured G for a similar soil (same
source with approximately the same gradation).

*Measured G; for soil.
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Table 4 summarizes the measured Ksat values for the soil specimens tested, with
and without compaction. The effect of compaction can be seen in the data presented in
Tables 2, 3and 4. In Table 4, the hydraulic conductivity (Ksat) also drops due to
compaction, but the drop is greater for higher fines content soils than for relatively clean

coarse grained soils.

Table 4. Comparison of uncompacted and compacted specimen measured Ksat values.

Soil Uncompacted Kt Compacted Kt Ratio Compacted to
(cmls) (cm/s) Uncompacted Kt

Natural alluvial soil (silt) — Chehalis River 0.000057
Natural alluvial soil (silt) — Chehalis River 0.000009
Extreme Fine End — d1o = 0.005 mm 0.00018* 0.0000553* 0.307*
Extreme Fine End — d; =0.01 mm 0.00133* 0.00681* 5.12*
Fine End Sand —djo =0.12 mm (rigid wall) 0.0127 0.00393 0.309
Fine End Sand —dy = 0.12 mm (rigid wall) 0.0072 ) 0.546
Fine End Sand —dyo = 0.12 mm (flex wall) 0.00263
Fine End Sand —djo =0.17 mm (rigid wall) 0.0112 0.00839 0.534
Fine End Sand —dyo = 0.17 mm (rigid wall) 0.0112 ) 0.749
Fine End Sand —djo =0.17 mm (flex wall) 0.00438
Fine End Sand —d;p =0.23 mm 0.051 0.00883 0.173
Fine End Sand —djo = 0.26 mm (rigid wall) 0125 0.0196 0.157
Fine End Sand —djo = 0.26 mm (rigid wall) ) 0.0507 0.406
Fine End Sand —dyo = 0.26 mm (flex wall) 0.00355*
Course Sand/Gravel — dip = 1.2 mm (rigid wall) 1.04 0.786 0.756
Course Sand/Gravel — d;o = 1.55 mm (rigid wall) 1.97 0.95 0.482
Course Sand/Gravel —dqo = 2.18 mm (rigid wall) 3.98 2.45 0.616
Course Sand/Gravel — dip = 2.9 mm (rigid wall) 10.1 4.48 0.444
Course Sand/Gravel — d1o = 3.9 mm (rigid wall) 13.9 9.61 0.691
Course Sand/Gravel — d;o = 5.8 mm (rigid wall) 10.9 11.0 1.010
Course Sand/Gravel — dio = 8.4 mm (rigid wall) 14.4*
Gravel = 4%, Sand = 66%, Silt = 30% 0.000532 0.000268 0.504
Gravel = 4%, Sand = 66%, Silt = 30% ) 0.000235 0.442
Gravel = 19%, Sand = 51%, Silt = 30% 0.00101 0.000584 0.578
Gravel = 45%, Sand = 25%, Silt = 30% 0.00168 0.000441 0.263
Gravel = 5%, Sand = 75%, Silt =20% 0.00136 0.000189 0.139
Gravel = 49%, Sand = 31%, Silt = 20% 0.00193 0.00161 0.884
Gravel = 23%, Sand = 57%, Silt = 20% 0.00299 0.000495 0.166
Gravel = 55%, Sand = 35%, Silt = 10% 0.00115 0.00111 0.965
Gravel = 26%, Sand = 64%, Silt = 10% 0.0012 0.000776 0.647
Gravel = 26%, Sand = 64%, Silt = 10% 0.0019 0.00256 1.347
Gravel = 6%, Sand = 84%, Silt = 10% 0.00217 0.00126 0.581
Fine End Gravel Borrow 0.067 0.022 0.328
Fine End Gravel Borrow 0.032 0.020 0.625
Fine End Gravel Borrow 0.046 0.021 0.457
Select Borrow 0.13 0.021 0.162
Select Borrow 0.07 0.059 0.842
Select Borrow 0.07 0.052 0.743
Common Borrow 0.15 0.023 0.153
Common Borrow 0.25 0.026 0.104
Common Borrow 0.13 0.017 0.192
Sandy Glacial Outwash 0.047 0.035 0.745
Sandy Glacial Outwash 0.54 0.026 0.048
Sandy Glacial Outwash 0.18 0.066 0.367
Course Gravel Borrow 28* 16* 0.57*
Course Gravel Borrow 49* 29* 0.59*
Course Gravel Borrow 36* 11 0.31*

*Considered as outliers. See Section entitled “Assessment of Outliers and Data Set Differences” for
additional explanation.
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Ksat PREDICTION ANALYSIS

Effect of Grain Size Parameters on Ksat

The d1o size has been a key soil gradation parameter used for correlation to Ksa
for over 100 years. The measured results for the current study, as well as the Ksat values
from the studies conducted by Massmann (2003) and gathered by Chapuis (2004) are
plotted against the soil dio size in Figure 14 to provide a common assessment for the all
of the data considered in this study and to also help identify possible outlier values.
Figure 14 illustrates that there is a fairly strong relationship between the soil d1o Size and
the measured Ksat values for the hydraulic conductivity tests conducted for the present
study as well as those gathered by Chapuis (2004), with the exception of a few possible
outlier measurements. However, for the air permeability tests conducted by Massmann
(2003) which were converted to hydraulic conductivity using theoretical means, the
scatter in the measurements is much greater, especially for finer grained soils. There also
appears to be a distinction between the Ksat values for the soils subjected to compaction
and the soils that were not subjected to compaction, but primarily for dio sizes less than
approximately 1.0 mm.

The effect of the uniformity of the gradation, as characterized by the coefficient of
uniformity, Cy, defined as deo/d10, was also investigated for potential use in the current
study to develop an improved prediction methodology (Figure 15). To more clearly see
the trends, only tests in which saturated hydraulic conductivity was directly measured are
included. Data gathered by Chapuis (2004) are also included, at least for those cases in
which both the d1o and deo Size were available (i.e., 107 of the 137 data points from
Chapuis 2004). While there appears to be a moderate relationship between Cy, and Ksat,
in which Ksa decreases as Cy increases (i.e., as the gradation becomes less uniform and
more well graded), the data exhibit significant scatter. Note that the test results reported
by Chapuis (2004) at Ksat values near or less than 0.0001 cm/sec. are for natural till soils,
which Chapuis (2004) indicated were difficult to predict Ksa accurately.

Other parameters investigated for direct correlation with Ksat include the soil
porosity and void ratio, as well as the coefficient of curvature. None of these parameters

exhibited a direct correlation with the measured Ksa: values. Considering that several of
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the historical Ksat equations use porosity and void ratio, this means that the equation

formulation using this parameter must be more complex for porosity or void ratio to be of

use — more on this later in this report.

100
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Figure 14. Measured hydraulic conductivity values as a function of the soil dio size for uncompacted
and compacted specimens (outliers included).
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Figure 15. Measured hydraulic conductivity values as a function of the soil Cy for uncompacted and
compacted specimens (outliers included).
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Assessment of Outliers and Data Set Differences

Before making a detailed assessment of the historical methods and developing
empirical adjustments to improve the prediction accuracy of selected methodologies, a
careful assessment of the data was made to remove any outlier data that could skew the
results. Allen et al. (2005) state that outlier removal should be done with consideration to
the following:

1. a different criterion is used to establish the value of a given point or set of points

(e.q., a different failure criterion),

2. a different measurement technique is used,
3. data from a source that may be suspect,
4, data that are affected by regional factors (e.g., regional geology effects on soil or

rock properties), or
5. any other issues that would cause the data within a given data set to not be

completely random in nature.

Table 4 identifies the specific Ksa test results that are considered as outliers. The
specific explanations as to why these test results are considered as outliers are provided in
the paragraphs that follow.

From the list above, only bullets 2 through 5 are potentially applicable to the
current study. With the possible exception of Ksa test results obtained using rigid versus
flex wall permeameters, the measurement techniques used can be considered reasonably
consistent for all the test data obtained from the current test program. With regard to
rigid versus flex wall permeameter testing, no systematic difference in the data obtained
using these two types of permeameters could be detected. Furthermore, tests using both
the rigid wall and flex wall permeameter on the same soil and amount of compaction
were conducted for three cases, all of which were fully compacted, with d1o values
ranging from 0.12 mm to 0.25 mm. With the exception of the specimens with a d1o of
approximately 0.25 mm, the test results using both the flex wall and the rigid wall
permeameter are reasonably close. For the comparison using the specimens with a dio of
approximately 0.25 mm, there was almost an order of magnitude difference. For the flex
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wall test of the specimen with a d1o of approximately 0.25 mm, the density was
significantly higher, and porosity and void ratio significantly lower, than the specimens
with the same gradation tested in the rigid wall permeameter. This may explain why the
bias (i.e., measured/predicted value) was unusually low (i.e., in the range of 0.1 to 0.2 for
the various existing prediction methods), indicating that this flex wall test (d1o of 0.25
mm) could be an outlier and should be removed from the data set.

Another possible cause for consideration as an outlier that is related to bullet 2 are
tests conducted on soils that are beyond the limits of the test device used. Specifically, 5
of the 6 coarse gravel borrow specimens had Ksa values that were at the limit of the rigid
wall testing device with measured Ksat values of 15 to 50 cm/s. Therefore, these 5 test
results were considered as outliers and excluded from further analysis.

For the finest soils (i.e., the WSDOT soils with a d1o of less than 0.01 mm), the
water content used to prepare the specimens was unfortunately less than the optimum
water content for compaction (e.g., 8% versus 13 to 14%). As reported in Holtz and
Kovaks (1981), Ksat tends to increase rapidly with decreasing water content when more
than 2 to 3% below optimum, but Ks.t only gradually increases as water content increases
above optimum. Holtz and Kovaks (1981) explain that the void ratio increases
significantly as water content decreases due to the flocculated structure of the soil grains.
However, near and above optimum, the soil grains tend to become more oriented (i.e.,
dispersed) with increasing water content. Additionally, as the compactive effort
increases, even dry of optimum the soil structure tends to become more oriented (Holtz
and Kovaks 1981). This may explain why the measured Ksa values for such specimens
exhibited more scatter and tended to have high bias values of 5 to 10, especially for the
lightly compacted (identified as “uncompacted” in this report) test specimens. While this
flocculated structure concept has platy clay particles in view, similar behavior with
regard to Ksat could also occur for angular soils, especially for very light compaction.
Therefore, the WSDOT test specimens reconstituted from natural soils in the laboratory
with a d1o less than 0.01 mm are considered as outliers with regard to further analysis.

One additional test must also be considered an outlier. The coarse sand and
gravel specimen in which the dio value was 8.6 mm did not have laminar flow during the

Ksat test. So it must be removed from the data set for further analysis, as the Ksat
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prediction methods assessed and developed further in this study apply to, and have been
developed for, laminar flow conditions.

For the remaining bullets, the third and fourth bullets are not likely to apply to the
data, since any questionable sources were never incorporated in this study, and for the
WSDOT tests, the source of the materials used was from sites in western Washington that
have a generally consistent geologic history. Since the data gathered by Chapuis (2004)
are from different sources and are not necessarily geologically similar to the WSDOT
data, it is reasonable to treat the WSDOT and Chapuis (2004) data as separate data sets.
Therefore, the Chapuis (2004) data are treated as a separate source in the analysis for
comparison purposes to the WSDOT data.

In addition, Figure 16 illustrates the differences between these data sets regarding
their gradation characteristics. In general, for the same d1o sSize, the soils used for the Ksat
test data gathered by Chapuis (2004) were more uniformly graded than the soils tested in
the current study. The effect of these gradational characteristics must be considered
before combining the data sets together to develop improved Ksa prediction method
formulations.

When merging different data sets together, pervasive differences in those data sets
may affect the outcome of empirical adjustments made to existing empirically based
methods. For example, in the Terzaghi Equation (Eqg. 4), Co is set equal to 8 for smooth
grains and 4.6 for grains of irregular shape. These particle shape differences, which
could affect the tortuosity of the drainage paths through the soil, could be the result of
differences in the geologic history that produced the soil grains (outlier reason No. 4
above). Smooth, rounded grains would be characteristic of soils that have been water or
wind transported significant distances (e.g., beach or wind-blown sands), and irregular
shaped soils grains could apply to glacial soils (e.g., typical sands in Western

Washington).
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Figure 16. Grain size characteristics of the Ksat data sets evaluated (outliers included).

Analysis of Ksqt Prediction Equation in the WSDOT Highway Runoff
Manual

One of the anticipated outcomes of this study was to develop a modification to the
Ksat equation in the Highway Runoff Manual (WSDOT 2016a) to account for the Ksat
reducing effects of soil compaction. Therefore, this analysis begins with an assessment
of that method. The Ksa prediction Method in the current Highway Runoff Manual
(WSDOT 20164a) is the one developed by Massmann (2003), shown as Eq. 1.

As presented previously, Massmann (2003) developed a multi-grain size
parameter equation for predicting Ksat ( EQ. 1) based on the Ksat values converted from
air permeability laboratory test results. Figure 17 (a and b) illustrates the prediction
accuracy of that equation. Figure 17a shows the full range of the data (but with outliers
identified in the previous section removed), and Figure 17b shows only the main group of
data points. Only data for which all the grain size parameters were available are shown
in this figure, which includes the WSDOT data obtained from the current study and the
data developed by Massmann (2003). Note that the Ksa: data gathered by Chapuis (2004)

could not be included here since all the grain size data for those tests that are needed to
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use Eq. 1 were not available. However, both data sets could be considered if one of the
other historical prediction equations is used. See Appendix G for a plot comparing the air
permeability data from Massmann (2003) to the rest of the data sets using the Chapuis
(2004) prediction equation. In that plot it is clear that the air permeability data sets over-
predict the Ksat value, especially as the soils become finer grained.

As can be seen in this figure, it appears, based on the trend lines, that the equation
was developed as a best fit to the converted air permeability data obtained for the 2003
study. The saturated hydraulic conductivity test results obtained for the present study,
however, fit poorly to this equation, both in the general regression trends and at the
extremes, especially for coarse gravelly soils. The Ksa values from the hydraulic
conductivity tests were over-predicted by several orders of magnitude at the very coarse
end (approximately, a dio > 0.8 mm) and to a lesser extent at the finer-grained end
(approximately, a dio < 0.04 mm) of the range (see Appendix G for plots illustrating
this). At the fine end of the range, this over-prediction should be expected since air
permeability tests tend to measure permeability values that are higher than they should be
for finer grained soils. At the coarse end, since the regression has been forced to fit the
high conductivity values at the fine end, the coarse end predicted values will also be
much too high, as can be observed in Figure 17a.

While not specifically mentioned in Massmann (2003), the difference in how the
soil specimens are prepared in air permeability tests versus saturated hydraulic
conductivity tests may also have contributed to the differences between the permeability
values obtained by Massmann (2003) relative to those obtained in the current study.
Since the soils tested in the current study have angular or irregular soil particles and in
addition are well graded (due to their glacial origin), specimen preparation in a
completely dry state for the air permeability tests is potentially problematic, especially
for natural soils in the Puget Sound Region. As can be observed in Figure 17, it is the
natural soils from the Massmann (2003) study that have the greatest scatter, especially for
the finer grained soils. This issue of as placed moisture content is especially important
for compacted soils, as the moisture content of the soil has a significant effect on the as

compacted soil structure (Holtz and Kovacs 1981). In the current study, the soil
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specimens are compacted in a moist condition and then saturated, which may improve

uniformity of the as prepared specimens and provide more consistent results.
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Figure 17. Measured versus predicted Ksat using Eqg. 1 developed by Massmann (2003): (a) All data,
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Considering the data shown in Figure 17, and the Eq. 1 analysis results provided
in Appendix G, the mean and Coefficient of Variation (COV) of the bias of the WSDOT
test results are 0.36 and 158%, respectively. If data with dio values that are greater than
1.0 mm are excluded, the mean and Coefficient of Variation (COV) of the Ksa prediction
bias (i.e., measured/predicted value) for all of the WSDOT test results are 0.43 and
142%, respectively. For the compacted WSDOT soils, excluding test results for soils
with a dio greater than 1.0 mm, the mean and COV of the Ksat prediction bias are 0.16
and 78%, respectively, and for the uncompacted soils, 0.69 and 110%, respectively.

Therefore, in general, Eq. 1 tends to over-predict Ksa, especially for the compacted soils.

Analysis Using Other Historical Ksat Predictive Equations

To select or develop an improved predictive methodology to estimate Ksat,
existing Ksat prediction methods available in the literature are considered first. From this
point forward, only saturated hydraulic conductivity test results are considered.
Furthermore, only methods applicable to granular soils with little or no cohesion are
considered. Most prediction methods available in the literature for granular soils use one
or more characteristic grain sizes. However, other parameters such as the soil porosity
(n) or void ratio (e), are considered by the more reliable predictive methods. In fact, Ksat
prediction methods should consider porosity or void ratio, as the density of the soil
matrix (i.e., whether the soil is in a loose or dense state) can have a big effect on the
saturated hydraulic conductivity of the soil (Chapuis 2012). This is also important to the
current study if the effect of soil compaction is to be properly assessed.

The Hazen (1892), Slichter (1898), Terzaghi (1925), and Chapuis (2004)
equations are investigated in more detail in this section. The Cozeny-Carmen equation
(i.e., Eq. 5) is also investigated, but the results of that investigation are reported in detail
in Appendix H for the interested reader.

Figure 18 illustrates the prediction performance of the Hazen Equation, assuming
C=1.0inEqg. 2. The coefficient of 1.0 has been identified as being applicable to loose
(i.e., uncompacted or normally consolidated) clean sands with a dio value between 0.1
mm and 3 mm, a coefficient of uniformity C, of less than 5. The data gathered by

Chapuis (2004), as well as the uncompacted Ksat test results from the current study, plot
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reasonably close to the one-to-one correspondence line. The compacted soils from the
current study, however, plot below the one-to-one correspondence line, indicating that the
Simplified Hazen Equation provides a larger prediction of Ksat than was measured. This
is not surprising considering that the Hazen equation was originally developed for loose
sands. This does point to the need for some type of correction to account for the effects
of compaction on the soil Ksat value, such as decreased porosity or void ratio.

Figure 19 illustrates the prediction performance of the Slichter Equation (Eg. 3),
adjusted to reflect a laboratory temperature of 20° C. Vucovic and Soro (1992) indicated
that the Slichter Equation is applicable to a dio Size range of 0.01 mm to 5 mm. For all
the data (i.e., both compacted and loose soil), the data trend does not follow the one-to-
one correspondence line very well for finer grained soils with lower hydraulic
conductivity values. However, the compacted soils from the current study plot
consistently with the rest of the data, indicating that accounting for porosity could address
the effect of compaction.

The equation developed by Terzaghi (1925), discussed previously and presented
as Eq. 4, also includes porosity and therefore can consider the effects of compaction. The
Terzaghi (1925) Equation predictions for all of the saturated hydraulic conductivity test
data presented previously are shown in Figure 20. Based on this figure, the Terzaghi
Equation tends to under-predict the Ksa: values when the measured Ksat is less than 0.002
cm/s.

The equation developed by Chapuis (2004), discussed previously and presented as
Eq. 6, includes the void ratio, e. Since void ratio is considered in this equation, it also
can consider the effects of compaction. The Chapuis (2004) Equation predictions for all
of the saturated hydraulic conductivity test data presented previously are shown in Figure
21. Figure 21(a) shows the relationship between the dio-void ratio parameter and the
measured Ksa value. Figure 21(b) shows the prediction trend between the measured Ksat

and the predicted Ksa using the Chapuis Equation.
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Figure 19. Ksat predictions using the Slichter Equation (with outliers removed).
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For all the WSDOT data in Figure 21(b), the data trend does not follow the one-
to-one correspondence line very well. Based on this figure, for the WSDOT tests, the

Chapuis Equation tends to over-predict the Ksat values when the predicted Ksat is less

than 0.01 cm/s and under-predict Ksat when the predicted Ksat is greater than about 0.5

cm/s. However, for the data published in Chapuis (2004), the Chapuis Equation provides

a reasonably accurate prediction through most of the range in the data.

Regarding the two undisturbed Shelby Tube specimen test results, all of the

methods (figures 18 through 21) had a poor prediction accuracy. However, for those two

data points, the average of the two points generally followed the overall trend in the data.
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Figure 21. (a) Measured Ksat as a function of the Chapuis grain size — void ratio parameter, (b) Ksat
predictions using the Chapuis (2004) equation (with outliers removed).

All of these prediction methods have some short-comings in accurately predicting
the test results from the current study, some more minor than others, especially those that
represent compacted soils. Minor empirical adjustments to these existing methods to
provide the improvement needed are considered. However, before making these
adjustments, assessment of the test results for possible outliers that could be removed is
conducted, and outlier data removed.

The Slichter, Terzaghi and Chapuis methods can account for the effect of
compaction through the soil porosity or void ratio. Therefore, these three methods are
considered for further development, since the primary objective of this research is to

account for the effect of compaction on Ksat.

Improvements to Existing Predictive Equations

Optimization of these historical methods was accomplished by using the
Microsoft Excel function SOLVER, using the bias (defined as measured/predicted value
of Ksat) statistics for the prediction method. The mean and coefficient of variation (COV)
of the bias for the total measured hydraulic conductivity data set (i.e., all WSDOT tests
conducted for the current study and the data from Chapuis 2004) as well as subsets within
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this data were used to characterize the statistics of the data. The data from Massmann
(2003) were excluded from the dataset used for optimization purposes, since those data
were from air conductivity testing. Once the SOLVER optimized coefficients and
exponents were obtained, they were further optimized by a trial and error process to
obtain the lowest COV, considering the dataset as a whole and considering the various
subsets of the data, as well as the trends in the data.

When using existing methods, it is important to identify the range of conditions
for which the method is considered valid. Therefore, in addition to plotting the measured
versus the predicted Ksa values for each method considered, the Ksa: prediction method
bias (Allen et al. 2005), defined as the measured/predicted Ksa value, as a function of the
d1o size is also plotted to be able to more accurately see the range of applicability for the
method and considered data. For a prediction method to be considered reasonably
reliable, the “measured” prediction method bias should not exhibit significant
dependency on the key input parameters that could affect the predicted value, in this case
d1o, as well as the prediction itself (Bathurst et al. 2008, 2010). Therefore, in plots of
prediction method bias versus the dio size, for example, the regression should be
approximately flat and as close to a bias of 1.0 as possible.

It should also be recognized that the range of applicability for these existing
predictive equations reported in the literature only considers the data available at the time
that were used to assess that range of applicability. The current study adds additional
data not available previously that may require modification of the range of applicability.

Note that Chapuis (2012) defined “good predictions” for Ksa as predicted values
that fall within one-half and twice the measured values. However, NAVFAC (1974)
focused on a range of 0.33 to 3 times the mean of the measured values and indicated that
two-thirds of the measured values fall within that range. Inevitably, there will be a small
percentage of data points that fall outside these sets of ranges randomly distributed
throughout the range of either predicted Ksat value or some soil parameter such as the dio
size. This is especially true when dealing with angular or irregularly shaped soil
particles. This needs to be considered when establishing ranges of applicability for the
various predictive equations. Chapuis (2012) used both ranges when assessing the

acceptability of the predictions for the various Ksa prediction equations. Therefore, both
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ranges are considered in this report (at least approximately) when assessing the range of
applicability of the various Kss equations.

Predictive equations considered to be good candidates in this study for
optimization, considering the need to address the effects of compaction, include the
Slichter, Terzaghi, and Chapuis methods. Other methods, such as the Hazen, Cozeny-
Carmen, and Massmann methods, were also considered with regard to the soil conditions
applicable to those methods. However, efforts to develop empirical improvements to
those methods resulted in only very limited prediction accuracy improvement, if any.

With regard to the Slichter Method (Eqg. 3), this optimization process resulted in
the equation coefficient increasing from 10.2 to 21.2, the porosity exponent increasing
from 3.287 to 3.5, and the d1o exponent decreasing from 2 to 1.75 as shown the following

equation:

Kot = 21-2773'5d%'075 (9)

Where Ksat is in cm/s and dio is in mm, and all variables are as defined previously.

Figure 22 illustrates the prediction performance of the optimized equation. This
optimization resulted in visually better alignment with the one-to-one correspondence
line than the original equation (compare to Figure 19).

Regarding the trends in the prediction bias (i.e., measured/predicted value of
Ksat), Figure 23 shows the bias as a function of the d1o size for both the original Slichter
Equation and the optimized equation. For the original equation, the scatter in the bias is
large. For the optimized equation, all the scatter in the bias is reduced and closer to 1.0.
However, the scatter in the two undisturbed specimen test results remains significant.
The range of applicability with regard to dio size for this optimized equation, based on

Figure 23, is from approximately 0.003 mm to 3 mm.
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Figure 22. Ksat predictions using the optimized Slichter Equation, with outliers removed.

With regard to the Terzaghi Equation, through this optimization, the ratio of
nio/pe was left unchanged at 1.3, the porosity constant and denominator exponent (i.e.,
the cube root) in the Terzaghi equation (Eq. 4) was left unchanged, Co is changed from
8.0 for smooth (rounded) grains and 4.6 (for irregular grains) to 4.6 (all soils), the overall
exponent for the porosity expression is changed from 2 to 1.7, and the d1o exponent was
changed from 2 to 1.75. The optimized Terzaghi Equation is therefore as follows:

1.7
—0.13
Keae = G2 (F22)  alf® (10

A minor differentiation in Co for smooth versus irregular/angular soil grains could be
done, but the improvement is only very minor. Figure 24 illustrates the prediction
performance of the optimized Terzaghi equation. This optimization resulted in visually
better alignment with the one-to-one correspondence line than the original equation

(compare to Figure 20).
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Figure 23. Method bias as a function of dio size for (a) original Slichter Equation, but for 20° C, with
outliers removed, and (b) optimized Slichter Equation at 20° C, with outliers removed (note: linear

functions used for regressions).
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Figure 24. Ksat predictions using the optimized Terzaghi Equation, with outliers removed.

Figure 25 illustrates the trend in the bias as a function of the dig size for both the

original Terzaghi Equation and the optimized equation. For the original equation, there is

an obvious trend of increasing bias as the dio Size decreases. This results in a rather

restricted range of applicability regarding the d1o size of 0.1 mm to 5 mm. However, for

the optimized equation, the scatter in the bias is reduced and closer to 1.0. The range of

applicability, with regard to d1o size, increases to include finer grained soils, ranging

from approximately 0.003 mm to 3 mm, similar to the Slichter Method.

It should be noted that the d1o0 exponent in both the Slichter and Terzaghi methods

was optimal when the exponent was reduced from 2 to 1.75.
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Figure 25. Method bias as a function of dio size for (a) original Terzaghi Equation with outliers
removed, and (b) optimized Terzaghi Equation with outliers removed (note: linear functions used for

regressions).

With regard to the Chapuis Equation (Eq. 6), this optimization process resulted in

the equation coefficient increasing from 2.4622 to 4.0, the equation exponent increasing
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from 0.7825 to 1.25, the void ratio exponent decreasing from 3 to 1.9, and the d1o

exponent decreasing from 2 to 1.4 as shown in Equation 11:

941.25

19
Ksar = 4.0 |dig <] (11)
It should be noted that the combined exponent for dig is 1.4 x 1.25 = 1.75, which is
consistent with the 1.75 d1o exponent in both the optimized Slichter and Terzaghi
equations.

Figure 26 illustrates the prediction performance of the optimized Chapuis
Equation. This optimization resulted in visually better alignment with the one-to-one
correspondence line than the original equation (compare to Figure 21).

Figure 26 (b and c) illustrates the trend in the bias as a function of the d1o size for
both the original Chapuis Equation and the optimized equation, respectively. For the
original equation, there is an obvious trend of increasing bias as the dio size increases,
especially above 1 mm. This results in a range of applicability regarding the d1o size of
approximately 0.005 mm to 0.7 mm. However, for the optimized equation, the scatter in
the bias is reduced and closer to 1.0 on average. However, the scatter increases somewhat
at the lower end of the d1o sizes, and for dio sizes greater than 1.0 mm, there is still an
upward trend in the data, though reduced from what it was for the original equation. The
range of applicability, with regard to d1o size, increases to a range of approximately 0.003
mm to 3 mm, similar to the Slichter and Terzaghi optimized equations. However, the
optimization process for the Chapuis equation did not bring the compacted and
uncompacted WSDOT test data together as well as the optimized Slichter and Terzaghi
equations.

Optimization of the Chapuis Equation to obtain the best fit of all the data sets
resulted in improvement in the bias values similar to the Slichter and Terzaghi equations.
The compacted soil sample bias values were more conservative (less than 1.0) relative to
the optimized Slichter and Terzaghi equation predictions. For all three Ksat prediction
equations, only modest improvements in the data scatter, especially within the d1o size
range of applicability (i.e., 0.003 to 5 mm), could be obtained for the WSDOT data.
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However, the improvements were still large enough to justify the empirical modifications

made.
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Figure 26. Ksat prediction for the optimized Chapuis Equation (i.e., Eq. 11), with outliers removed:
(a) measured Ksat vs. optimized Chapuis parameter, (b) Ksat predictions using the optimized Chapuis
Equation, (c) method bias as a function of dio size for original Chapuis Equation, and (d) method
bias as a function of d1o size for optimized Chapuis Equation (power functions used for regressions in
parts a and b, and linear functions used in part d).

The inability to obtain more significant improvements with regard to prediction
accuracy of the Ks: data obtained from the current study is likely due to the angularity
and irregular shape of the soil particles tested. Chapuis (2004) specifically indicated that

angular soils were troublesome with regard to prediction accuracy.
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Since the focus of this study was on typical embankment soils in a compacted
state, results for intermediate levels of compaction are not available. However, the data
provided and the curve fitting conducted for all the Kss: prediction methods should
represent the typical extremes of the compaction state of soils. This may not, however,
represent the as compacted state of glacially consolidated soils such as is typical of
glacial till in the state of Washington, since such soils were compacted under 3,000 ft (or

more) of glacial ice.

Estimating Porosity Based on Grain Size Parameters and Compaction
Level

This report section presents an investigation of the prediction of porosity from soil
grain size data if a measured porosity is not available. The estimated porosity could be
used with the Terzaghi (1925) or Slichter (1898) methods, for example, if the measured
porosity is not available. To accomplish this, it was attempted to estimate the soil
porosity, n, from grain size data. Vucovic and Soro (1992) attempted to estimate
porosity using only the Cy value. Their prediction equation for soil porosity is as

follows:

n= 0.255(1+0.83") (12)

This equation was used to predict n for all the test results presented in this report in
which the Cy could be determined. A plot of the results is provided in Figure 27. Based
on this figure, the prediction bias trend lines for both the soil d1g size and the soil Cy, at
least for “loose” (uncompacted) soil, are not horizontal. There is also an obvious
difference between compacted and uncompacted soils except at large d1o sizes (i.e.,
gravels which also had low Cy values), which would be expected. This indicates that
both the d1o size and Cy may not formulated correctly in the equation — if they were, the
trend lines would be horizontal or at least nearly so. Chapuis (2012) indicated that using
grain size parameters without considering other parameters indicative of how densely

packed the soil is will result in an inaccurate prediction of the porosity or void ratio.
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To develop an improved predictive equation for porosity, the measured porosity
values obtained from the Ksa laboratory tests are plotted against potential key soil
parameters to assess whether or not these parameters have an influence on the porosity.
These plots are shown in Figure 28.
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Figure 27. Porosity prediction bias for Vucovic and Soro (1992) method as a function of: (a) dio Size,
and (b) coefficient of uniformity, Cu (outliers removed).
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It can be observed in Figure 28 that for uncompacted (i.e., loose) soils, there may
be some dependency of porosity on the dio size for the WSDOT soils. However, there is
little d1o size dependency for the data gathered by Chapuis (2004). Furthermore, for both
data sets, the scatter in the data is rather large. For the compacted soils, the bias trend
line for the d1o size was approximately horizontal, indicating that the d1o size has little
effect on the porosity if the soil is compacted. It should be noted that some of the data
from Chapuis (2004) is crushed glass, and he indicated that predictions for the crushed
glass were poor. If the crushed glass data are removed from the Chapuis dataset, the
trend line for that data would line up better with the uncompacted WSDOT test data.
Furthermore, the Chapuis (2004) data set included some test results for moderately
compacted specimens. However, for Cy, all data sets have what appears to be a visual
dependency between porosity and Cy, indicating that the soil C, is an important factor in
the determination of porosity, with or without compaction.

In the current study, it was attempted to consider both the soil dio size and the
coefficient of uniformity, Cy, with the objective of developing an improved correlation.
This correlation would also need to consider how densely packed the soil is. Starting with
the regressions made as shown in Figure 28, using the same optimization approach
described earlier (i.e., using Solver in Excel as a starting point), coefficients and
exponents applied to the variables dio and Cy were adjusted to obtain the best visual fit of
the data. This was attempted first considering only the uncompacted and lightly
compacted (i.e., loose) soils. The coefficients and exponents were adjusted such that the
COV of the bias (i.e., measured/predicted porosity value) was minimized and the mean
bias was as close to 1.0 as possible. The form of the equation used to accomplish this is

shown below:

N =P x d1o? X Cy° X (Fep) (13)

where,
P = empirical porosity coefficient (P = 0.4)
a = empirical d1o exponent (a = -0.08)

b = empirical coefficient of uniformity coefficient (b = -0.1)
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Fcp = compaction factor for porosity (set equal to 1.0 if not compacted or is loose)

However, it was first attempted to do this without considering the d1o size (i.e.,
“a” set equal to 0), since based in Figure 28 the trend with d1o appears to be marginal at
best. To obtain the best fit of the data, it was determined that P = 0.4 and b = -0.1 should
be used. The result of doing this is illustrated in Figure 29(a). Two observations can be
made from this plot. The first observation is that both the WSDOT uncompacted soil
tests and the Chapuis (2004) soil test data sets (which primarily contains uncompacted or
lightly compacted specimens) appear to have a visual trend with the soil d1o value.
Therefore, it appears that the soil dio size should be considered when estimating the
porosity for uncompacted or lightly compacted (loose) soils. The second observation that
can be made is that the compacted soil porosity is not affected by the soil d1o size, and
that the compacted soil data trend line is on average about 85% of the measured soil
porosity values (i.e., at a bias of 1.0). So if the d1o size is considered for the
uncompacted (loose) soil cases, the compaction factor F¢p will need to have a dio
component that in effect cancels out the dio component used for the uncompacted/loose
soil case. Interestingly, all the data sets shown in this figure tend to converge at large
(i.e., coarse sand/fine gravel sized) dio Sizes at a bias of slightly less than 1.0 in the plot.
For such coarse soils, which for the testing conducted also tended to have low C, values,
compaction had little effect on the porosity, which was an expected outcome.

Figure 29(b) illustrates the effect of considering the d1o size for the uncompacted
soil tests, in which the exponent for d1o in Eq. 13 is set equal to -0.08 so that the
prediction bias for the uncompacted soils is near 1.0 for most of the range. However,
doing so causes the compacted soil data set to have a dependency on the dio size. Fep
must be developed to negate this effect, and also bring the prediction bias of the
compacted soil data set close to 1.0 for its full range.

Eq. 14 provides the compaction factor formulation needed to address these issues.

Fep = Ced 10° (14)

where,
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Fcp = porosity compaction factor
Ct = compaction factor coefficient (Cs = 0.85)

¢ = compaction factor exponent (¢ = 0.08)

Using this equation, for a range of dio values from 0.001 mm to 1 mm, F, ranges from
0.49 to 0.85, respectively. The reduction in porosity due to compaction, therefore, is
approximately 50% for silts, and once dio is at 10 mm or more (coarse gravels), there is
no effect of compaction on the porosity. Fcp should be set equal to 1.0 if the soil is not
compacted, or for natural soils as deposited that are normally consolidated or lightly

over-consolidated. For compacted soils, the combination of eq’s. 13 and 14 simplifies to:

n = 0.34C, 0 (15)

Figure 30 illustrates the accuracy of the porosity predictions when using the
combination of eq’s. 13 and 14. Part (a) of Figure 30 shows all four data sets separately,
but the regression line is for all the data together. The data scatter does seem to increase
for the higher values of porosity (again, this is primarily due to the crushed glass data
subset). However, the R? value for the data regression is moderately strong, and the
accuracy of the predictions is judged visually to be acceptable. Part (b) of Figure 30
illustrates that there is little, if any, dependency between the porosity prediction bias and
the d1o size, especially for test data obtained from the current study, indicating that the
porosity prediction equation adequately addresses the most important variables for the
data set considered. The minor dependency observed for the Chapuis (2004) data set is
likely due to the crushed glass subset at d1o sizes 0.1 to 0.8 mm and bias values greater
than 1.0, and the Polytechnique Hydrogeo Lab fine silty sand or till (Chapuis (2004) data
subset at d1o sizes less than 0.02 mm in which the degree of compaction was not reported
— if moderately compacted, the porosity prediction bias would be closer to 1.0 for this

data subset, eliminating this minor dependency.
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Figure 29. Porosity prediction bias as a function of the dio size when: (a) the soil dio size is not
considered, and (b) the soil d1o size is considered.

Overall, the most data scatter for porosity prediction is in the data gathered by
Chapuis (2004). However, these data were obtained for soils with a low coefficient of
uniformity, Cy, as shown in Figure 31, and compaction may not affect soils with a low C,
as much as more well graded soils. Furthermore, much of the scatter appears to be due to

the crushed glass data subset (i.e., as described regarding Figure 28).
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Figure 30. (a) Predicted versus measured porosity considering compaction effects (i.e., using
equations 13 and 14), and (b) porosity prediction bias (i.e., measured/predicted value) as a function of
the soil dio size (outliers removed for both plots).
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Now that a reasonably accurate prediction method for soil porosity is available, it
is possible to use the optimized Slichter and Terzaghi equations with just grain size data.
However, it must be recognized that the porosity correction for compaction effects is
rather crude in that it is either on or off, though it may be possible to interpolate for
intermediate soil densities (both the compaction factor dio exponent and coefficient may
need to be interpolated between the two extremes).

Note that if this porosity compaction correction factor is applied to the estimated
porosity in the optimized Slichter or Terzaghi equations, the effect of compaction on Ksat

is as follows:

e Atdi =0.001 mm, Ks reduction is by a factor of 0.083.

e Atdio =1 mm, Ksa reduction is by a factor of 0.57.

Comparing this to the factors currently in the WSDOT Highway Runoff Manual to
account for compaction (WSDOT 2016a), the compaction reduction factors of 0.1 to 0.2
for sands and gravels are quite conservative relative to the findings in the current study,
but the compaction reduction factor of 0.067 for fine grained (clayey soils) is only
slightly conservative relative to the findings in the current study. Of course, if the
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proposed methodology in the current study is used, there will no longer be a need for the

compaction reduction factors in the WSDOT Highway Runoff Manual.

Using Estimated 7 and e with Optimized Ksat Prediction Methods

Using the porosity estimated from grain size data, and Fp if the soil has been
compacted, Ksat can be estimated based only on grain size data plus this empirically
derived compaction factor F¢p. The prediction performance of the optimized Slichter,
Terzaghi and Chapuis equations using the estimated porosity is illustrated in figures 32
through 34. For the optimized Chapuis Equation, the void ratio, e, was estimated from

Eq. 16 below and the estimated porosity, n from eq’s. 13 and 14.

e=-—

n

U
— (16)
In all cases, the effect of using a porosity or void ratio estimated from grain size

parameters plus a compaction factor appears visually to be relatively small with regard to

the Ksat prediction performance of these methods.
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STATISTICAL ANALYSIS AND METHOD PERFORMANCE

This report section provides a statistical comparison of the various prediction
methods investigated, to assist in identifying the best methods with regard to their
performance. Table 5 summarizes the mean and COV for the original (i.e., not
optimized) Ksa prediction methods investigated, using the prediction method bias, both
for all the data and for the data subsets included (i.e., historical data from Chapuis 2004
and the current WSDOT study). All outliers identified previously have been removed to
develop these statistics. Similarly, Table 6 provides the same information, but for the
optimized methods using the measured porosity or void ratio. In both tables, the
distribution (e.g., lognormal or normal) is not considered.

Comparison of the results summarized in these two tables demonstrates that the
empirical adjustments made to the various Ksa prediction methods resulted in large
improvements overall in the accuracy of the Ksat predictions. Based on this simple
statistical analysis, the optimized Chapuis and Terzaghi equations had the lowest COV
value (i.e., for all the data, the COV was reduced to 66%, a respectable value for Ksat
prediction, especially considering the very large range of magnitudes that must be
considered). The optimized Slichter Equation was not far behind with an overall COV of
67%. For all three prediction methods, mean bias values are just over 1.0. All of these
equations also provide a significant improvement in the prediction accuracy relative to
Eq. 1 (see Appendix G).

With regard to range of applicability of the various methods, in general, all of the
methods, even after optimization, have an upper dio size limit of about 2 to 3 mm.
Above that, all the methods tend to under-predict the Ksat value (i.e., the bias is
significantly greater than 1.0). At the finer grained end of the range, it is difficult to pick
a lower limit as in general, the data are more sparse and data scatter increases; however,
the trend in the regression of the bias values tends to stay near 1.0 even for soils with the
smallest d1o sizes (i.e., down to a dig size of about 0.003 mm).

Table 7 summarizes the statistics for the porosity prediction from the present
study using the bias (i.e., measured/predicted porosity) for eq’s. 13 and 14. Also shown
are the statistics for the Vulkovic and Soro (1992) porosity prediction method. Based on
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this table, the proposed porosity prediction method from the current study decreases the
COV relative to the Vulcovic and Soro (1992) method COV by almost 50% when all the
data subsets are combined. A COV for the combined data set of 13% for equations 13

and 14 is judged to be acceptable.

Table 5. Bias statistics for all historical methods investigated (outliers removed).

No. of Simplified Slichter Terzaghi Chapuis
Data Set Meas., | Hazen Method Method Method Method
n Mean | COV | Mean | COV | Mean | COV | Mean | COV
WSDOT 36 | 239 | 392% | 359 | 180% | 1.73 | 173% | 1.38 | 101%
uncompacted tests
WwsDoT 37 - ~ | 220 | 83% | 1.35 | 96% | 1.04 | 100%
compacted tests
All WSDOT tests 73 -- -- 2.89 164% 1.54 149% 1.21 102%
tirs‘f‘sp”'s (2004) 137 | 125 | 90% | 250 | 86% | 120 | 87% | 1.11 | 58%
All Test data 210* 1.49* | 294%* 2.64 125% 1.32 121% 1.14 78%

*For the Hazen Equation, all test data does not include compacted WSDOT tests (total n = 173).

Table 6. Bias statistics for all optimized methods investigated, using measured porosity or void ratio
(outliers removed).

No. of . . Chapuis
Data Set Meas., Slichter Method | Terzaghi Method Method
n Mean | COV | Mean | COV | Mean | COV
WSDOT 36 128 | 83% | 120 | 88% | 126 | 83%
uncompacted tests
WSDOT 37 101 | 73% | 090 | 73% | 085 | 75%
compacted tests
All WSDOT tests 73 1.14 80% 1.05 84% 1.05 84%
tirs‘fsp”'s (2004) 137 102 | 57% | 101 | 54% | 106 | 55%
All Test data 210* 1.06 67% 1.02 66% 1.06 66%

Table 7. Summary of bias statistics (without consideration of data distribution) for prediction of soil

porosity.
Data Set No. of Statistical Using Eq’s 13 and Vulkovic and
Meas., n Parameter 14 Soro (1992)

Chapuis (2004) and 180 Mean 0.99 0.99
WSDOT Tests Cov 13% 21%
Mean 1.01 1.05

All WSDOT tests 73 COV 9.1% 250
. Mean 0.99 0.96
Chapuis (2004) tests 107 COV 15% 7%
All uncompacted 36 Mean 1.01 1.22
WSDOT tests Cov 7.9% 21%
All compacted WSDOT 37 Mean 1.00 0.88
tests cov 10% 12%

80



The real proof regarding the impact of using an estimated porosity or void ratio

rather than a measured one is the effect this has on the Ksa prediction accuracy. Table 8

presents a comparison of the mean bias and COV of the Ks prediction equations with

and without using an estimated porosity or void ratio. In this table, the distribution (e.g.,

lognormal or normal) is not considered.

Table 8. Bias statistics comparing the use of measured versus estimated porosity values as input for
the optimized (a) Slichter, (b) Terzaghi, and (c) Chapuis methods.

(a) Optimized Slichter Method
Measured n Estimated n
Data Set Mean cov Mean Ccov
Mol uncompacted 1.28 83% 131 88%
WSDOT compacted tests 1.01 73% 1.07 93%
All WSDOT tests 1.14 80% 1.19 91%
Chapuis (2004) tests 1.02 57% 1.03 70%
All Test data 1.06 67% 1.10 81%
(b) Optimized Terzaghi Method
Measured n Estimated n
Data Set Mean Ccov Mean Ccov
Mol uncompacted 1.20 88% 1.23 94%
WSDOT compacted tests 0.90 73% 0.96 100%
All WSDOT tests 1.05 84% 1.09 97%
Chapuis (2004) tests 1.01 54% 1.03 67%
All Test data 1.02 66% 1.06 81%
(c) Optimized Chapuis Method
Measured n Estimated n
Data Set Mean CoVv Mean Ccov
:’e\gEOT uncompacted 1.26 83% 1.30 90%
WSDOT compacted tests 0.85 75% 0.90 85%
All WSDOT tests 1.05 84% 1.10 91%
Chapuis (2004) tests 1.06 55% 1.09 68%
All Test data 1.06 66% 1.09 78%

Based on this assessment as presented in Table 8, the Chapuis Method did slightly

better overall when using an estimated void ratio, followed by the optimized Slichter and
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Terzaghi methods when using an estimated porosity. The accuracy of estimating Ksa for
test data from Chapuis (2004) was only slightly affected by the use of an estimated
porosity rather than a measured one, whereas the K estimate for the WSDOT test data
was significantly affected by the use of an estimated porosity.

It should be noted that approximately 22% of the Chapuis (2004) dataset did not
have adequate grain size data available (i.e., 30 Ksat measurements out of the 137 Ksat
measurements in the Chapuis 2004 data set) to estimate the porosity from grain size data.
However, the mean bias and COV of the smaller data set was about the same as for the
full data set.

Bathurst et al. (2008, 2010) indicate that the prediction method bias should have
no hidden dependency with the predicted value or a parameter considered in the
prediction equation. This was considered in the optimized Ksa and porosity prediction
equation development. Examples of this, considering dependency of the prediction
method bias with the d1o size, are provided in figures 23, 25, and 26 for the original and
optimized Ksat prediction equations. An assessment of the dependency between the Ksat
prediction bias and the predicted Kt values is summarized in Appendix I.

The original Ksat prediction methods do show visual dependencies with both the
d1o size and the predicted K values, in addition to having a mean bias that is
significantly less or greater than 1.0. For the optimized Slichter, Terzaghi, and Chapuis
equations, there is no dependency with both the dio size and the predicted Ksa values,
and the regression is nearly constant at 1.0 except near the upper end of the values (i.e., at
d1o greater than 2 to 3 mm, and K greater than 1 to 3 cm/s). This indicates that the
primary variables that affect Ksat have been captured and formulated correctly.

For the porosity prediction bias, Figure 35 illustrates that there is little visual
dependency between the porosity prediction bias and the predicted porosity values, with
the possible exception of four data points from the Chapuis (2004) data set at the highest
predicted porosity values. Likewise, figures 30 and 31 illustrate that there are no visual
dependencies between the porosity prediction bias and the soil d1o size as well as the soil
Cu, except at low values of C, there appears to be greater scatter in the data. In spite of
the potential dependency of the Chapuis (2004) data set with the porosity at small d1o
sizes (Figure 30), and considering that this over-prediction may due to an unknown
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degree of compaction in the specimens tested, the overall conclusion is that there are no
apparent properties missing in the porosity prediction equation, nor are the properties
addressed in the equation poorly formulated. Otherwise, there would be a dependency

between the porosity prediction bias and the selected parameters.
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Figure 35. Porosity prediction bias as a function of porosity prediction value.

The shape of the statistical distributions for each prediction method is also
important to consider (Allen et al. 2005). Figures 36 and 37 illustrate these distributions
using the standard normal variable function in Excel to develop a Cumulative
Distribution Function (CDF) for each Ksat estimation equation, using a measured porosity
or void ratio. Essentially, this type of plot is the same as plotting the cumulative
distribution data on probability paper. CDF’s of normal distributions plot as a straight
line on this type of plot, whereas CDF’s of lognormal distributions plot as a curve (Allen
et al. 2005). However, if a lognormal scale is used for the horizontal axis, lognormal
distributions plot as a straight line. In this case, for lognormal distributions, the steeper
the line, the smaller the variation and the lower the COV.

In most cases, the CDF’s of the various subsets of the data were not perfectly

lognormal, but deviated from a lognormal distribution, especially as data scatter
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increased (especially true of the CDF’s for the original equations). For statistical
characterization purposes, the bias data mean and COV can be adjusted to better fit the
tails of the distributions, since it is the tail region that can have the most effect on the
probability that a failure criterion is exceeded (Allen et al. 2005). Usually, the fitting to
tail approach is focused on one end of the distribution that is most important to assessing
the probability that the failure criterion is exceeded (Allen et al., 2005). With regard to
Kasat, I sizing an infiltration facility for a given design storm or series of storms, it is best
to err on the side of under-estimating the Ksat value. Given the definition of bias (i.e.,
measured/predicted value), the bias should be greater than 1.0 (i.e., the predicted Ksa is
lower than the measured value) so that a safe estimate is obtained. If the bias is less than
1.0, then the Ksat prediction is too high which could be unsafe with regard to meeting the
design criteria for the infiltration facility. In this scenario, it would be most important to
match the lower tail of the distribution as much as practical. In Load and Resistance
Factor Design (LRFD) parlance (e.g., Allen et al. 2005), the storm water runoff volume
that must be infiltrated is the load, and the ability of the soil to infiltrate that runoff is the
resistance, in which case the lower tail must be matched. However, one must keep in
mind that the more conservatively Ksa is estimated, the larger and more expensive the
infiltration facility.

Figure 36 illustrates how well the prediction bias distributions are modeled using
a lognormal fit to the data, both for the original and optimized equations. In this figure, it
is in the upper tail CDF’s that we see the most differentiation between the various
methods assessed, at least for the Slichter and Terzaghi equations. For the Chapuis
Equation, the biggest differentiation between the original and optimized equations is in
the lower tail. The statistical parameters determined from matching the lower tail as
much as practical are the ones to use to characterize the prediction method statistics for
estimating infiltration, if a probability of exceedance is needed. Note that in Figure 36(a
and b) for original Slichter and Terzaghi prediction equations, respectively, by fitting to
the lower tail, the statistics are similar to the optimized Slichter and Terzaghi equations.
For the Chapuis Equation (Figure 36(c)) however, fitting to the lower tail did not improve
the statistics for the original equation. See Table 9 for a summary of the mean and COV

values for the original Ksat equations.
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Figure 37 and Table 10 illustrate the differences in the CDF’s for the various data
subsets for the optimized Slichter, Terzaghi, and Chapuis equations. All of the data set
CDF’s are reasonably close to lognormal throughout the range of bias values. However,
only the lower tail lognormal fits are shown in the figure to keep the figure from
becoming too cluttered. For all three Ksat prediction equations, the data set consisting of
uncompacted sample test results obtained by WSDOT had the highest mean bias (i.e., just
over 1.0) and the largest COV. The WSDOT compacted soil test dataset had a lower
mean bias and a lower COV than the uncompacted WSDOT test data set for all three
prediction equations. The Chapuis (2004) data set had the lowest COV of the three
datasets.

An objective of the present study is to identify or develop a Ksat prediction
equation that accounts for the effect of compaction on Ksa. Figure 37 and Table 10
illustrate how well this objective was accomplished. Visually, for all three optimized
equations, there is a significant difference in the CDF’s for the WSDOT uncompacted
and compacted specimen datasets. The mean and COV of the bias values for the
WSDOT compacted soil tests are lower than those of the uncompacted WSDOT soil
tests. The relatively angular, irregular shape of the finer soil particles in the WSDOT test
specimens may have contributed to poorer consistency in the Ksa test results for the
“uncompacted” specimens that was not fully reflected in the measured porosity or void
ratio for the test specimens, such as due to water flow path tortuosity through the
specimens. This may also explain why the WSDOT uncompacted soil Ksa test statistical
results were not consistent with the Ksz test statistical results gathered by Chapuis
(2004), in that Chapuis (2004) indicated his Ksst equation did not do well with angular
soils. However, compacting the specimens may have been sufficient to overcome the
relatively angular sand particles from hanging up on one another, resulting in a more
consistent soil structure. Overall, what can be said is that use of the soil porosity or void
ratio significantly improved the consistency of the Ksa predictions for the compacted
soils relative to Ksat equations based only on soil gradation (e.g., relative to the Hazen
Equation — compare difference in WSDOT compacted and uncompacted datasets for the
Hazen Equation to the difference between these two datasets for the other methods in
Tables 9 and 10).
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86



3 o  All WSDOT

All WSDOT compact. data o uncompact. data
Mean = 0.89 0O
21 cov=170% ?,DO = =Lognormal fit to tail
N o for WSDOT
%’ 1 ] All WSDOT uncompact. data e g uncompact. data
= Mean = 1.03 699 A All WSDOT compact.
K COV = 107% Je data
= 0 ‘ .
% ol 10 Lognormal fit to tail
z for WSDOT compact.
g -1 & data
< o O  All Chapuis (2004)
& .
@291 ¢ ol Chapuis (2004) data daa
o 215211:6102/3 °°°° Lognormal fit to tail
-3 for Chapuis (2004)
(a) Optimized Slichter Method Bias data
3 o Al WSDOT
] ﬁ{ll WSI?)(;]; compact. data = uncompact. data
] ean = 0. .o
2] COV =75% \ ,D' © = = Lognormal fit to tail for
N ] 8 WSDOT Uncompact.
& | JAUI'WSDOT uncompact. data 2 data
g JMean = 0.95 A All WSDOT compact.
§ {cov=97% data
= 01 .
E (} 1 10 Lognormal fit to tail for
2 { ] WSDOT compact. data
= =]
E ] ' O Chapuis (2004) data
3 2] o= ‘b Chapuis (2004) data
- o Mean = 1.07 ]
; b COV = 52% ------ngnorm(al fit ‘;od‘[all for
- Chapuis (2004) data
(b) Optimized Terzaghi Method Bias
3 o AllWSDOT
41 All WSDOT compact. dat O uncompact. data
5 1 Mean = 0.79 i .
<71 CoV =173% 0 L = =Lognormal fit to tail
N |2 P for WSDOT
2 1 ] All WSDOT uncompact. data gt ¢ uncompact. data
i ] Mean = 1.15 £ A All WSDOT compact.
g ] cov=113% data
30 !
% o1 10 Lognormal fit to tail
Z for WSDOT compact.
g -1 data
= O  All Chapuis (2004)
g 24 © 2 Chapuis (2004) data data
o . Mean = 1.05 )
. 1 COV = 550 .....o]t:ogélgrma.l fgig%‘;r'c;ll
- or Chapuis (2
(c) Optimized Chapuis Method Bias data

Figure 37. Bias distributions for datasets analyzed using the optimized Ksat equations with adjusted
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Terzaghi Method, and (c) Chapuis Method.
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Table 9. Bias statistics for all original Ksat prediction methods, using measured porosity or void
ratio, comparing standard lognormal fit to lognormal fit adjusted to match lower distribution tail.

o WSDOT WSDOT Chapuis
Orlglr_wal CDE Eit Uncompacted Compacted (2004) Tests All Test Data
Equation Tests Tests
Mean | COV | Mean | COV Mean | COV | Mean | COV
Slichter Lognormal 3.59 180% | 2.20 83% 2.50 86% | 2.64 125%
Fit to Tail 2.30 78% 2.20 82% 2.30 61% |2.10 67%
Terzaghi Lognormal 1.73 173% | 1.35 96% 1.20 87% 1.32 121%
Fit to Tail 1.35 89% 1.32 91% 1.25 72% | 1.35 74%
Chapuis Lognormal 1.38 101% | 1.04 100% | 1.11 58% |1.14 78%
Fit to Tail 1.70 206% | 0.80 75% 1.12 61% | 1.65 121%
Hazen Lognormal 2.40 392% | 0.29 72% 1.25 90% N/A N/A
Fit to Tail 0.90 78% 0.28 79% 1.05 57% | N/A N/A
Cozeny- Lognormal 0.84 110% | 1.00 131% | N/A N/A N/A N/A
Carmen Fit to Tail 0.60 100% | 0.75 107% | N/A N/A N/A N/A

*See Appendix H for details on the analysis of the Cozeny-Carmen Equation.
N/A - not available or applicable.

Table 10. Bias statistics for all optimized Ksat prediction methods, using measured porosity or void
ratio, comparing standard lognormal fit to lognormal fit adjusted to match lower distribution tail.

WSDOT .
- WSDOT Chapuis (2004
Optlml_zed CDE Fit Uncompacted Compacted Tests pTest(s ) All Test Data
Equation Tests

Mean | COV Mean cov Mean | COV Mean | COV

Slichter Lognormal | 1.28 83% 1.01 73% 1.02 57% 1.06 67%
Fit to Tail 1.03 107% | 0.89 70% 1.08 60% 0.95 71%

Terzaghi Lognormal | 1.20 88% 0.90 73% 1.01 54% 1.02 66%
Fit to Tail 0.95 97% 0.85 75% 1.07 52% 0.93 70%

Chapuis Lognormal | 1.26 83% 0.85 75% 1.06 55% 1.06 66%
Fit to Tail 1.15 113% | 0.79 73% 1.05 55% 0.96 73%

In summary, based on these analyses, the optimized Slichter, Terzaghi, and
Chapuis equations are all similar with regard to their Ksa prediction accuracy and also
have the widest range of applicability (i.e., all d1o sizes up to approximately 3 mm).
Therefore, any of these three Ksa prediction equations can be recommended for use. If
the d1o size is as much as 8 mm, all three equations tend to under-predict the Ksa value,
but only by a half-order of magnitude, which may still be acceptable. Of these three Ksat
equations, the optimized Slichter and Terzaghi equations provided the most consistent
overall lognormal fit as well as fit to lower tail statistics for the WSDOT uncompacted
and compacted datasets.

If a measured soil porosity is not available (which is likely to be true for new
roadway fill, if needed for the project), the porosity can be estimated from grain size data

and degree of compaction, making it possible to estimate Ksa from grain size data alone.
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In this case, the optimized Slichter and Chapuis equations appear to be a little more
accurate than the optimized Terzaghi Equation, especially for soils with irregular or

angular soil particles, and are also a little simpler.
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APPLICATION TO INFILTRATION DESIGN

To estimate infiltration rate for a given storm water Best Management Practice
(BMP) installation, the Ksst value for each soil layer that can affect the infiltration rate
must be determined, and an effective Ksat value determined considering the layer
thicknesses. The geometric mean of the Ksa values for all the soil layers below the
ground surface is used to determine the effective Ksat value for design (Massmann 2003
and WSDOT 2016a). It must also be recognized that predicting the Ksat value(s) to use
for infiltration design is only part of what is needed to estimate infiltration and size the
infiltration facility, with consideration to the runoff handled through natural dispersion, if
that is being considered. Infiltration rate is a function of both the effective Ksat value and
the hydraulic gradient (Massmann 2003, WSDOT 2016a). In addition, the storm water
inflow to the facility or natural dispersion area must be determined. The determination of
hydraulic gradient and storm water inflow are beyond the scope of this study. However,
approaches to estimate the hydraulic gradient are provided in Massmann (2003) and
WSDOT (2016a).

Once the effective Ksat value and hydraulic gradient are determined, there are
other factors that can affect the infiltration rate, such as infiltration surface siltation or
biofouling. This issue has been observed in infiltration ponds, but may not be as much of
a factor on embankment side slopes. The focus of the work reported in Massmann (2003)
was primarily on ponds. The reduction factors used to account for the siltation/biofouling
issue were determined by relating infiltration rate observations in full-scale ponds to the
estimated infiltration rate using the Ksat estimates determined from Eg. 1 multiplied by
the estimated hydraulic gradient.

To determine the impact of using one of the optimized K equations developed
herein, estimates from Eg. 1 must be compared to estimates from the new optimized
equations. Since the optimized Chapuis, Terzaghi and Slichter equations produce very
similar Ksa estimates, this analysis will be carried out using just one of the optimized Ksat
equations (i.e., the Slichter Equation). This comparison, presented as the ratio of the
predicted Ksa value using the Slichter Equation to the Ksa value predicted by Eq. 1, is
provided in Figure 38. Within a fairly narrow d1o range of 0.1 to 1.0 mm, both equations
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provide a similar estimate of Ksat, though in general, the Slichter Equation is slightly
more conservative than Eq. 1 even within this range, especially for the compacted soils.
Outside this narrow range, however, the difference between Eq. 1 and the optimized
Slichter Equation is much more obvious. When d1o is greater than 1.0 mm, the Eq. 1 Ksat
prediction becomes orders of magnitude too large relative to the Slichter Equation
prediction and the measured Ksat values from the saturated hydraulic conductivity testing.
This is also true when the dio value is significantly less than 0.1 mm (i.e., higher silt
content soils).

The siltation/biofouling factors provided in the WSDOT Highway Runoff Manual
(WSDOT 2016a) used to relate predicted infiltration rates from soil test data were
developed considering Ksat predictions from Eq. 1. Considering that the optimized Ksa
prediction equations recommended herein tend to predict smaller Kss values than
predicted by Eq. 1, it is logical to assume that these siltation/biofouling reduction factors
could be overly conservative when used with the proposed Ksa prediction equations (i.e.,

optimized Slichter, Terzaghi, or Chapuis equations).
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Figure 38. Ratio of optimized Slichter Equation (Eg. 9) to Massmann Equation (Eq. 1) Ksat
predictions as a function of dio size.
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To test this assumption, Figure 39 presents a comparison of measured pond
infiltration rates from Massmann (2003) and Wiltsie (1998) and the infiltration rates
estimated using the optimized Slichter and Massmann (2003) equations to the “average”
soil dio size for each case history. An estimated porosity from grain size parameters and
level of compaction/density (i.e., eq’s. 13 and 14) is used with the optimized Slichter
Method to obtain Kss for that method. The plots also separate the measured pond
infiltration rates to those ponds that were well maintained and had little siltation or
biofouling present from those measured infiltration rates for ponds that were poorly
maintained (i.e., had siltation or biofouling). The predicted infiltration rates in the figure
for both Kst prediction equations assume a hydraulic gradient, i, of 1.0 and no reductions
due to siltation and biofouling. Of course, the reality is that the hydraulic gradient is
likely less than 1.0, but this is simply the first step in this evaluation process. Also shown
in this plot are double-ring infiltrometer measurements taken in the pond bottom as
reported by Wiltsie (1998).

The first observation that stands out in these plots is that trend lines for the
measured full scale pond infiltration rates and the predicted “infiltration rates” are not
consistent with each other, though this is strongly influenced by the measured infiltration
rate in two ponds, and that there is a lot of data scatter. The second observation that can
be made is that the double ring infiltrometer measurements in the pond bottoms are
clearly indicating a higher infiltration rate than observed in the ponds, but are
approximately consistent with the infiltration rates estimated using the Ksa prediction
from the Optimized Slitcher Equation, a hydraulic gradient of 1.0, and no reduction for
pond bottom conditions. This indicates that the double-ring infiltrometer has a hydraulic
gradient of approximately 1.0 and yields a value that is close to the Ksa for the soil
tested. Also note that the infiltration rates estimated using the Ksa prediction from the
Massmann (2003) Equation, a hydraulic gradient of 1.0, and no reduction for pond
bottom conditions is generally higher than the double-ring infiltrometer measurements
and the infiltration rate estimated using the Optimized Slichter Equation for Ksa.

The next step is to attempt to estimate the hydraulic gradient, the effect of the
pond aspect ratio on infiltration rate, and the effect of the pond bottom conditions for the

full scale pond case histories using the approach developed by Massmann (2003) and
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which is provided in the WSDOT Highway Runoff Manual (WSDOT 2016a). Once that

is completed, then these more accurate hydraulic gradients and additional corrections to

account for the pond bottom conditions can be applied to the estimated K values to

obtain a more accurate infiltration rate estimate. The infiltration rate is then calculated

as:

f= Ksat*i*CFsilt/bio*CFaspect

17)

Where, f = infiltration rate, i = hydraulic gradient, CFsiio = correction factor for siltation

and biofouling, and CFaspect = correction factor for the pond aspect ratio.
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Figure 39. Comparison of full scale pond infiltration rates to infiltration rates from grain size
analysis, assuming hydraulic gradient of 1.0, and from double-ring infiltrometer measurements just

below pond bottoms for case histories in Western Washington.



Figure 40 presents a comparison between the estimated pond infiltration rates
(i.e., “f” in Eq. 17) and measured full scale pond infiltration rates for several well
documented ponds in the south Puget Sound area. Pond infiltration rates were estimated
using the original Massmann (2003) equation (i.e., Eq. 1) and using the optimized
Slichter Equation. Since the Slichter Equation requires a porosity value as input, an
estimated porosity from grain size parameters and level of compaction/density was used,
as a measured porosity from the undisturbed soil below the ponds was not available.
Hydraulic gradients for these ponds were calculated as described in Massmann (2003)
and as specified in the WSDOT Highway Runoff Manual (WSDOT 2016a). For the
pond case histories considered here, the estimated hydraulic gradients ranged from 0.013
to 0.043 (Massmann 2003), all considerably less than 1.0.

The aspect ratio for the pond cases evaluated here is also considered in this
analysis — see Massmann (2003) and WSDOT (2016a) for details on how to calculate the
aspect ratio factor. In general, as the pond becomes more elongated, the aspect ratio
factor increases, beginning at 1.0 for square ponds. For the cases evaluated, this aspect
ratio factor ranged from 1.0 to near 1.1 for all cases except one, in which this factor was
1.3 (Massmann 2003).

The factor to account for site variability/number of measurements is not
considered in these analyses. Essentially, it is assumed in these analyses that there are an
adequate number of measurements to justify a factor close to 1.0. Additionally, the factor
to account for the uncertainty of the method used to estimate Ksat (e.9., large-scale PIT
versus small scale field test versus grain size based methods) specified in the DOE
Stormwater Manual (DOE, 2014) is not considered in these analyses. The accuracy of
the infiltration rate prediction will be assessed separately.

Consistent with Figure 39, the case histories in Figure 40, part (b) were separated
into two groups: one for ponds in which the pond bottom conditions were good (i.e., well
maintained), and a second group for ponds with poor pond bottom conditions. However,
in part (a) of Figure 40, both pond groups are put together to be able to see trends as a
function of dio more clearly. The current recommended reduction factors for
siltation/biofouling in both Massmann (2003) and WSDOT (2016a) were used to account

for the condition of these ponds. For those ponds in the well maintained group, reduction
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factors for pond bottom conditions ranged from 0.9 to 1.0. For pond bottom conditions
that were poor, reduction factors ranged from 0.3 to 0.5 (see Massmann 2003 for details
regarding these case histories and the reduction factors used).

As can be observed in Figure 40, there is a lot of scatter in the infiltration rate
predictions with both Ksat prediction equations. In part (a), it can be observed that at the
largest soil d1o values for the case histories evaluated, the estimated infiltration rates
using both the optimized Slichter and Massmann (2003) equations to estimate Ksat, the
predicted and measured infiltration rates are fairly close together. However, at smaller
d1o values (i.e., high silt content soils), the scatter in the predictions increases, and
infiltration estimates using the optimized Slichter Equation for Ksa are consistently lower
(i.e., more conservative) than when the Massmann (2003) Equation is used to determine
Ksat. In part (b), it can be observed that the predicted infiltration rates when using either
Ksat method are mostly less than the measured rates. In one of the cases, when using the
optimized Slichter Equation, the prediction is very conservative. In a couple of cases,
when using the Massmann (2003) Equation, the prediction is slightly unconservative.
Based on this figure, it appears that the siltation/biofouling reduction factor is overly
conservative for finer grained soils (i.e., when the soil d1g is less that about 0.01 mm),
especially when the optimized Slichter (or Terzaghi and Chapuis) Equation is used. This
is consistent with the observation that the Massmann Equation tends to be unconservative
for finer grained soils.

As discussed earlier in this report, the soil porosity (or void ratio) value needed in
the optimized Slichter, Terzaghi, and Chapuis equations should be measured for the site
soils if possible. For embankment fill materials, a measured soil porosity can be obtained
from nuclear densometer readings conducted in accordance with WSDOT SOP 615
(WSDOT 2016c) obtained for the as compacted fill (or at least verified as the fill is
placed). When using the nuclear densometer to obtain compaction information, the
following equation can be used to determine the soil porosity:

N = [Gs(ywlya) = 11/(Gs(ywlva)) (18)
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where,
Gs = specific gravity of solids
yw = unit weight of water, and

vd = dry unit weight of solil

Typically, Gs is 2.65 to 2.67 for sands and gravels, and for cohesive soil mixtures is 2.68
to 2.72 (see Table 2-1 in Bowles 1979).

It is also possible to use a laboratory compaction test of the proposed fill material
to at least bracket the range of porosity of the fill material to be used if a sample of the fill
material is available in advance. If the fill material is not available to evaluate, but the
fill specifications to be used are known, then it is possible to use the test results obtained
in this study to estimate the range of Ksat values that could be anticipated. For
convenience, these values are summarized in Table 11 for typical as compacted WSDOT
fill materials.

For existing subsurface soils, if it is possible to obtain undisturbed samples (i.e.,
for soils that are not too coarse), soil density, moisture content, and porosity values can
be obtained in the laboratory. If undisturbed soil samples cannot be obtained, porosity
can be estimated using soil grain size parameters as presented earlier. If the soil is
normally consolidated, treat the soil as uncompacted to estimate the porosity. If the soil
is known to be at least moderately over-consolidated, the soil should be treated as a
compacted soil for the purpose of determining a porosity. A practical approach to assess
the compactness of the in situ soil is to use the Standard Penetration Test (SPT) blow
counts corrected for hammer efficiency and overburden stress, N1go (See Section 5.5 in
the WSDOT Geotechnical Design Manual - WSDOT 2015). Typically, soils with a SPT
N1eo blow count of 30 blows/ft or more can be considered to be “compacted” soils when
using Eq’s 13 and 14 to estimate porosity, and soils with a SPT N1eo blow count of 10 or
less can be considered “uncompacted.” Linear interpolation can be used for SPT N1eo
values in between these two values. If the soil is a glacially consolidated till, or if the soil
is a clay, such soils are beyond the scope of this report. However, practically speaking,

such soils should be considered as impermeable with regard to infiltration.
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Figure 40. Comparison of estimated and measured full scale pond infiltration rates using the
Massmann (2003) equation (Eq. 1) and the optimized Slichter Equation (Eg. 9) to estimate Ksat.

Table 11. Measured Ksat values for typical WSDOT fill materials.

Sail Compacted Ksat (cm/s)
Fine End Gravel Borrow 0.02 to 0.022
Select Borrow 0.021 to 0.059
Common Borrow 0.017 to 0.026
Sandy Glacial Outwash 0.026 to 0.066
Course Gravel Borrow 11+
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CONCLUDING REMARKS AND RECOMMENDATIONS

The estimation of hydraulic conductivity (Ksat) is a key step in the assessment of
the rate of infiltration, whether that estimate is for an infiltration pond or trench, if it is
for a highway embankment, or if it is for natural dispersion in general. The focus of this
research is to assess available methods for estimating Ksat, especially with regard to the
ability of various methods to assess Ksat in both a loose, uncompacted state as well as in a
compacted state for embankments. Ksa: prediction for natural soils is also considered.

The existing Ksa prediction equation in the WSDOT Highway Runoff Manual as
well as other historical Ksat prediction equations were evaluated, especially with regard to
their ability to account for the effects of compaction. To accomplish this, a series of
relatively large diameter (i.e., 6 to 9 inch diameter) saturated hydraulic conductivity tests
were conducted both in a loose state and in a compacted state. A total of 73 tests, after
removal of outliers, were conducted to assess the effect of compaction. In addition, 137
saturated hydraulic conductivity tests were obtained from the literature as summarized by
Chapuis (2004) to use as a basis for comparison to the tests from the current study, to
make sure that the current test results are reasonably consistent with similar test results
obtained by others.

For all of the data sets considered, including the ones developed specifically for
this study, the measured Ksat is moderately to strongly correlated to the soil dio size and
moderately correlated to the soil uniformity coefficient, C.

Existing Ksat estimation equations evaluated include Eq. 1 (Massmann 2003 and
WSDOT 2016a), Eq. 2 (Hazen 1892), Eq. 3 (Slichter 1898), Eq. 4 (Terzaghi 1925), and
Eq. 6 (Chapuis 2004). A limited evaluation of the Kozeny-Carmen Equation (Eq. 5) was
also conducted and included in an appendix. Of these, only the Slichter, Terzaghi,
Kozeny-Carmen, and Chapuis equations are directly capable of addressing the effects of
compaction or over-consolidation through the porosity or void ratio. All of these
equations have, for the most part, been empirically developed, and their accuracy is
dependent on the empirical data used to develop them. The soils used in the current
study are characterized as consisting of irregular and subangular to angular particles, with

the exception of the coarsest particles used which were more rounded. These soils are
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also more well graded than soils used in previous studies, as the majority of the soils
encountered by WSDOT, especially for embankments, are glacial in origin. Some of
these historical Ksat equations were more affected by the difference in these soil
characteristics than others. Of course, the simplified Hazen Equation is only a function
of dio, and it was clear that the measured Ksa: values for the compacted soils were
consistently smaller than predicted by that equation. All of the historical Ksa equations
needed some empirical adjustment (i.e., optimization) to more accurately fit the measured
Ksat measurements. After the historical equations were optimized, the optimized Slichter
(Eq. 9), Terzaghi (Eq. 10) and Chapuis (Eq. 11) equations provided the most accurate
Ksat predictions over the widest range for all the soils considered in this study.

Regarding the application of these results in infiltration design practice, the
estimation of soil porosity can be a hindrance, especially for new compacted
embankments, since even the specific soil characteristics of the embankment fill may not
be known at design time. However, the fill material specifications are likely known, and
the potential material sources that could be used for the fill may be known. Therefore, if
the soil gradational property ranges can be determined, then the range in Ksat values for
the proposed fill could be estimated, if the porosity of the compacted soil can be
estimated using soil gradation parameters.

Porosity cannot be estimated with soil gradation properties alone. Using the data
gathered in this study, as well as data gathered by others reported in the literature, the
effect of soil gradation parameters on how well a given soil can be compacted was
determined. While the effect of compaction on porosity, considering the soil gradational
parameters, was only developed crudely (i.e., either the effect of compaction is either on
or off), based on the available data, use of a porosity estimated from gradational
parameters considering compaction effects in the optimized Slichter, Terzaghi and
Chapuis equations had only a minimal effect on their prediction accuracy.

Full-scale infiltration pond examples provided in Wiltsie (1998) and Massmann
(2003) are compared to infiltration estimates using the optimized Slichter (Eg. 9) and
original (Eg. 1) Massmann (2003) Ksat equations combined with calculated hydraulic
gradients for those ponds. For those cases where the soil d1g is greater than 0.1 mm,

infiltration rate estimates using both methods were similar. However, both Ksat
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prediction methods result in increasingly conservative infiltration rate predictions as the
soil d1o decreases, with the optimized Slichter Equation producing more conservative
estimates than the Massmann (2003) Equation. This means that infiltration rates
estimated using the new, more accurate Ksat equations may be smaller when the soil d1o
size is less than 0.1 mm, if adjustments are not made to the empirically developed
siltation/biofouling correction factors recommended by Massmann (2003).

It is recommended that the current Ksa prediction equation in the WSDOT
Highway Runoff Manual (WSDOT 2016a) be replaced with the optimized Slichter,
Terzaghi, and/or Chapuis equations (Eq’s. 9, 10, and/or 11, respectively). If only grain
size data are available for estimation of Kss for an embankment soil or for subsurface
natural soil strata, the porosity can be estimated using eq’s. 13 and 14, which use the soil
d1o size, Cy, and the degree of compaction or over-consolidation (i.e., either it is
compacted or loose, or for natural subsurface soil strata it is either over-consolidated or
normally consolidated) as input parameters. Interpolation between the uncompacted and
compacted conditions when estimating porosity could be done if desired. With regard to
application of these findings to infiltration design, the current reduction factors for
siltation/biofouling are acceptable if the soil dig size is 0.1 mm or more, but may be
overly conservative for smaller soil dio Sizes. This is especially true when using the
optimized Ksa prediction methods recommended in this report.

Regarding the test method uncertainty factor in the DOE Stormwater Manual
(DOE 2014), the greater accuracy of the optimized Slichter, Terzaghi, and Chapuis
equations, and the comparison to full scale pond infiltration rate measurements, indicates

that the test method uncertainty factor should be much closer to 1.0.
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LABORATORY SUMMARIES OF SOILS USED FOR 2008 TESTING

APPENDIX A

Joono.  MT-0025 Date June 19, 2014 Al )
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Hole No. Common Borrow Shest 1 o 1 aboratory Summary 'T’ Department of Transportation
Project Permeability Research - 2008
Depth Dfnf\f“ Sample No. | USCS Color Description Mc% | LL | PL | PI
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[+ 4} 0.2 0.06 CE2 Un sp See Boring Log POORLY GRADED SAND with GRAVEL
A 0.3 0.09 CE3 Un sp See Boring Log POORLY GRADED SAND with GRAVEL
* 1.0 0.20 Pre Test sP See Boring Log POORLY GRADED SAND with GRAVEL
US Sieve Opening In Inches US Sieve Numbers Hydrometer Analysis
GRADATION FRACTIONS ]003-- 24 44 #10 #40 4200
YGravel | %Sand | %Fines | Cc Cu 90
®| 343 64.8 0.9 0.8 | 10.2 I
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2 @ ki
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JoonNo.  MT-0025 Date June 19, 2014 Al )
Lab S Washington State
Hole No.  Common Borrow Sheet 1 of 1 aboratory summary 77’ Department of Transportation
Project Permeability Research - 2008
Dﬁﬁm Dt_enf,fh Sample No. | USCS Color Description MC% | LL | PL | PI
L ] 0.4 012 CB1 Com swW See Boring Log WELL-GRADED SAND with GRAVEL
m|( 05 0.15 CB2 Com sSwW See Boring Log WELL-GRADED SAND with GRAVEL
A| 08 0.18 CB3 Com sSwW See Boring Log WELL-GRADED SAND with GRAVEL
*| 1.0 0.30 Pre Test sp See Boring Log POORLY GRADED SAND with GRAVEL
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
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YGravel | %Sand | 9%Fines | Cc Cu a0
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- A\
= \
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Jobmo.  MT-0025

Date June 19, 2014

A
Washington State
Hole No. Course Gravel Borrow Sheet 1 o 1 Laboratory Summary 7” Departr%m of Transportation
Project Permeability Research - 2008
Dﬁﬁm Dt_enf,fh Sample No. | USCS Color Description Mce% | LL | PL | PI
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JoonNo.  MT-0025 Date June 19, 2014 Al )
Lab S Washington State
Hole No. Course Gravel Borrow Shest 1 of 1 aboratory Summary 1',7-’ Department of Transpartation
Project Permeability Research - 2008
Dﬁﬁm Dt_enf,fh Sample No. | USCS Color Description MC% | LL | PL | PI
®| 0i 003 | CGBiUn GP See Boring Log POORLY GRADED GRAVEL
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JoonNo.  MT-0025 Date June 19, 2014 Al )
. Lab S Washington State
Hole No.  Fine Gravel Borrow Shest 1 of 1 aboratory Summary 1',7-’ Department of Transpartation
Project Permeability Research - 2008
Dﬁﬁm Dt_enf,fh Sample No. | USCS Color Description MC% | LL | PL | PI
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JooNo.  MT-0025 Date June 19, 2014 Al ]
. Washington State
Hole No.  Fine Gravel Borrow Sheat 1 o 1 Laboratory Summary 'T’ Department of Transportation
Project Permeability Research - 2008
Dopin Dfﬂf,f“ Sample No. | USCS Color Description Mcw | LL | PL | PI
®| o041 0.03 FGB1 Un sp See Boring Log POORLY GRADED SAND
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*| 1.0 0.30 Pre Test | SP-SM See Boring Log POORLY GRADED SAND with SILT
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
GRADATION FRACTIONS a Y 24 #10 #40 #200
100 e f—
YGravel | %Sand | %Fines | Cc Cu a0
5.8 921 2.1 09 | 74
a0
6.4 90.7 20 (10|79
70
A| 59 92.3 1.8 | 09 | 66 £
i
= &0
*| 86 86.3 5.1 09 | 86
&
5 50
c
I
=
B 40
GRADATION VALUES B
a0
De0 | D50 | D30 | D20 | D1O
20 3
2108 | 152 | 075 | 053 | 0.209
. L N
2355 | 183 | 082 | 055 | 0.207 Xk ;I
A | 2156 1.58 0.78 0.55 0.325 0 5 4 3 2 10 8 5 4 3 2 18 5 4 3 2 018 54 3 2 0.018 5 4 3 2 0.001
*|1.893 | 1.30 | 0.62 | 0.42 | 0.219 Grain Size In Millimeter
Sand .
Graval - - Silt and Clay
Coarse | Meadium | Fine
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JoonNo.  MT-0025 Date June 19, 2014 Al )
. Lab S Washington State
Hole No.  Sandy Glacial Outwash Shest 1 of 1 aboratory Summary 1',7-’ Department of Transpartation
Project Permeability Research - 2008
Dﬁﬁm Dt_enf,fh Sample No. | USCS Color Description MC% | LL | PL | PI
®| 04 012 | SGO1Com | GW See Boring Log WELL-GRADED GRAVEL with SAND
x| 05 015 | SGO2Com | GW See Boring Log WELL-GRADED GRAVEL with SAND
A| 08 0.18 | SGO3Com | GW See Boring Log WELL-GRADED GRAVEL with SAND
*| 1.0 0.30 Pre Test GP See Boring Log POORLY GRADED GRAVEL with SAND
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
GRADATION FRACTIONS . T .\ 34" #4 #10 #40 #200
%Gravel | %Sand | %Fines | Cc | Cu . N
68.2 A 06 | 24 [144
0
68.1 3.4 05 | 23 138
70
A| 603 207 09 | 27 146 =3
3 \
=z 60 .
*| 54.6 426 28 | 07 | 152
a \
B 50 :
LIE_ i)
= R
& 40
GRADATION VALUES 5 )
a0
[
D60 | D50 | D30 | D20 | D1O %‘l\
20
®| 983 | 7.60 | 402 | 1.61 | 0.695 ‘\Q
10 -
9957 | 765 | 406 | 178 | 0722 NEL |
. hmis ="
A 10382 | 7.95 4.43 1.64 | 0.710 5 4 3 2 10 & 5 4 3 2 1 a 5 4 3 2 018 5 4 3 2 0.018 5 4 3 2 0.001
*| 8619 | 573 | 1.88 | 1.03 | 0.567 Grain Size In Millimeter
Sand _
Gravel - - Silt and Clay
Coarse | Medium | Fine
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JoonNo.  MT-0025 Date June 19, 2014 Al )
. Lab S Washington State
Hole No.  Sandy Glacial Outwash Shest 1 of 1 aboratory Summary 1',7-’ Department of Transpartation
Project Permeability Research - 2008
Dﬁﬁm Dt_enf,fh Sample No. | USCS Color Description MC% | LL | PL
® 04 0.03 SGO1 Un GP See Boring Log POORLY GRADED GRAVEL with SAND
m| o2 0.06 SGO2 Un cw See Boring Log WELL-GRADED GRAVEL with SAND
Al 03 0.09 SGO3 Un cw See Boring Log WELL-GRADED GRAVEL with SAND
x| 1.0 0.30 Pre Test GP See Boring Log POORLY GRADED GRAVEL with SAND
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
GRADATION FRACTIONS " #4 #10 #40 #200
1007
%Gravel | %Sand | %Fines | Cc | Cu . N
52.3 46.8 0.9 0.9 | 124
80
55.0 43.7 1.3 1.5 | 18.2
70
A | 600 38.8 1.2 1.2 | 14.2 J‘EEn
K]
= 60 o
*| 548 426 28 0.7 | 152 \
&
B 50 ot
= .
C
g 40 ]
GRADATION VALUES 5
30
De0 | D50 | D30 | D20 | D10
20
6.983 | 510 | 1.88 | 1.03 | 0.561 &
10 ry [
- s
7.658 | 557 | 218 | 0.99 | 0.420 "‘-%_"
0 —rril
A| 8545 | 6.37 248 1.23 | 0.600 5 4 3 2 10 & 5 4 3 2 1a 5 4 3 2 01e 5 4 3 2 0.018 5 4 3 2 0.001
Grain Sze In Millimeter
* | 8619 | 573 1.88 1.03 | 0.567
Sand _
Gravel - - Silt and Clay
Coarse | Medium | Fine
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JobNo.  MT-0025 Date June 19, 2014 A .
Lab S Washington State
Hole No.  Select Borrow Sheet 1 of 1 aboratory summary '7’ Department of Transportation
Project Permeability Research - 2008
Doptn Dl.erﬁ.f" Sample No. | USCS Color Description Mc% | LL | PL | PI
e 04 0.12 SB1 Com sSW See Boring Log WELL-GRADED SAND with GRAVEL
0.5 0.15 SB2 Com sp See Boring Log POORLY GRADED SAND with GRAVEL
s 0.6 0.18 SB3 Com 1 See Boring Log WELL-GRADED SAND with GRAVEL
* 1.0 0.30 Pre Test sp See Boring Log POORLY GRADED SAND with GRAVEL
US Sieve Opening In Inches US Sieve Numbers Hydrometer Analysis
GRADATION FRACTIONS 7 4 u4 10 #40 4200
100
YeGravel | %:Sand | %Fines | Cc Cu an
46.1 522 1.7 16 | 10.5
a0
38.9 50.3 1.8 0.9 | 10.6
70
= \
A| 438 54.3 1.8 1.6 | 10.6 = A\
2 w0 i
* | 340 63.6 2.4 0.8 | 10.7 \
& .
& 50 LA
- \ %
@ 40 !
GRADATION VALUES ﬂu_% ~. h\
30 :
D0 D50 D30 D20 D10 \
20
5758 | 4.1 2.26 1.22 | 0.551
10
4559 | 315 1.3 075 | 0.429 :'
0 N
A | 5358 | 391 | 208 | 1.05 | 0.507 54 3 2 54 3 2 a E Dis 2 0018 5 4 3 2 0.001
+| 2815 | 265 | 107 | o6a | 0358 Grain Sze In Millimeter
Sand i
Gravel - - Silt and Clay
Coarse | Medium | Fina
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JooNo.  MT-0025 Date June 19, 2014 Al _
Washington State
Hole No.  Select Borrow Sheest 1 o 1 Laboratory Summary 'T’ Department of Transportation
Project Permeability Research - 2008
Dopin Dfﬂf,f“ Sample No. | USCS Color Description Mc% | LL | PL | PI
e o1 0.03 SB1 Un sp See Boring Log POORLY GRADED SAND with GRAVEL
0.2 0.06 SB2 Un sp See Boring Log POORLY GRADED SAND with GRAVEL
Al 03 0.09 SB3 Un sp See Boring Log POORLY GRADED SAND with GRAVEL
*| 1.0 0.30 Pre Test sp See Boring Log POORLY GRADED SAND with GRAVEL
US Sieve Opening In Inches US Sieve Numbers Hydrometer Analysis
GRADATION FRACTIONS a i 24 210 240 #200
100
YeGravel | %Sand | %Fines | Cc Cu an
428 | 560 1.2 | 0.8 | 13.0
80
2716 | 721 03 |07 |74 ™
L
Al 340 | 838 24 | 08 | 107 % k|
= &0
x| 340 | 636 | 24 |08 |107 > R
5 50 p
£ \\
§ 40 K_\
GRADATION VALUES 3 i\\\
an '
De0 | D50 | D30 | D20 | D10
20 S
5466 | 3.50 | 1.35 | 075 | 0.419 N
10 \
2918 | 1.97 | 0.90 | 0.61 | 0.396
o I T_—_:a | )
Al3815| 265 | 1.07 | 0.64 | 0.358 CRFEE 10 5+ 3 2 T 54 3 = 0.1 E 0018 5 4 3 2 00N
+| 2815 | 265 | 1.07 | 06s | 0358 Grain Sze In Millimeter
Sand i
Gravel - - Silt and Clay
Coarse | Medium | Fina

A-10




APPENDIX B
LABORATORY SUMMARIES AND CLOSE-UP PHOTOS OF SOILS USED FOR 2013 TESTING

JobNo.  RH-0305 Date October 5, 2016

Al
Hole No. Artificial Gradation Sheet 1 Laboratory Summary '7_’ WSDOT
Project K-Sat Testing - 2013
Cu | De0D | D20 | D30| D20 (D4

- —
D?rlt:)r Sapk | uscs Description mow | | e | o1 MR Sy BT | | | e ‘
t _ 2 |
| 101 | 10%Fines | SR.sM POORLY GRADED SAND with SILT 60 [840|100| 07 | 45 (0334 022| 0.13| 0.10 0075
m| 102 | 10%Fines | SP-SM POORLY GRADED SAND with SILT and GRAVEL 20| 640|100 | 05 | 250 |1875| 08 | 027 | 0.15 |0.075
A | 10.3 | 107 Fines | GR-GM POORLY GRADED GRAVEL with SILT and SAND 550 | 35.0 [ 100 | &7 | 1065 |7.080( 565 | 2.00 | 0.66 |0.075)
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
3" &S #4 #10 #40 #200
100
\ 4 1 —
%0 \ —

a0

70

Percent Finer By Weight
8

@ \z\ \
30 m\
e
20
| -

-
10 A ] m
0 5 4 3 2 0 & 5 4 3 2 1 E 5 4 3 z 01 8 5 4 3 2 001 8 5 4 3 z 0.001

Grain Size In Millimeter

Sand Silt
Graval - - - - Clay
Coarse Medium | Fine Coarsa Medium Fine
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JobNo.  RH-0305 Date October 5, 2016

A
Hole No. Artificial Gradation Sheet 1 Laboratory Summary 'T’ WS D OT
Project K-Sat Testing - 2013
0| O 0| D20

Dapth ; - . Moist Density| Spacific| Gravel| Sand | Fine
{rf] Smlf‘@ uscs Description Mcs | L] L | P Mg Gp;eavity' Gl e | 85| ce | cu | Deo | pso| Dao D10
®| 201 | 20% Fines SMm SILTY SAND 50 | 75.0 | 20,0 0.273| 0.19 | 0.10 | 0.08
& 202 | 2% Fines SM SILTY SAND with GRAVEL 270 | 230 | 570|200 | 05 | 328 (1.311] 0.65 | 0.16 | 0.08 |0.040)
A| 203 | 2% Fines | GM SILTY GRAVEL with SAND 40.0 | 31.0 | 20.0 6.506) 4.44  0.83 | 0.08
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
3" ¥4 #4 #10 #40 #200
100 -
TR
%0 ¥
N x“m____
80
'y

70
~
: - N
[ail}
50 f
b k: .\Q
5 40
& m\_\ \m\m

0 5 4 3 2 0 8 5 4 3 2 i1 B 5 4 3 2 01 a 5 4 3 2 001 8 5 4 3 2 0.001

Grain Size In Millimeter

Sand Silt
Gravel | Clay

Coarse Madium Fine Coarse Madium Fine
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Job No.  RH-0305 Date October 5, 2016 A
Hole No. Artificial Gradation Sheet 1 Laboratory Summary 'T’ WS D O
Project K-Sat Testing - 2013
Depth : - . Maist Density| Specific| Grave a ine
fflt:] Sample | yscs Dascription mo% | LL | pL | P1 | bant) | Cravity| R | G | # | Cc | Cu | Deo | Dso | D30 | D20 | D10
& | 30.1 | 30% Fines 5M SILTY SAND 4.0 | 66.0 | 30.0 0176| 0.14 | 0.08
| 30.2 | 30% Fines SM SILTY SAND with GRAVEL 275 19.0 | 51.0 | 30.0 | 0.2 | 227 |0.456( 0.37 | 0.08 | 0.05 |0.037)
A | 30.3 | 30% Fines GM SILTY GRAVEL with SAND 45.0 | 25.0 | 30.0 5700 3.21 | 0.08
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
3" ¥4 #4 #0 #40 #200
Nl
80 —= -, N T
80 -
70 \\
E \!\
? . m s | |
= \‘L |- \
= . Il
8 LN
o B
o ™ —h| L
30 [ = \
20
10 \m
e R i [ S —
0 5 4 3 2 0 8 5 4 3 2 1 B 5 4 3 2 01 & 5 4 3 2 001 8 5 4 3 2 0,001
Grain Size In Millimeter
Sand Silt
Gravel - - - - Clay
Coarse Medium | Fina Coarsa Medium Fina
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: .- 1" (25)

Figure B.1. Close-up of 1.0 in. (25 mm) soil particles used in 2013 and 2014 Ksa testing.
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75" (19)

Figure B.2. Close-up of 0.75 in. (19 mm) soil particles used in 2013 and 2014 Kasat testing.
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Figure B.3. Close-up of 0.0167 in. (0.425 mm) soil particles used in 2013 and 2014 Ksat testing.
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Figure B.4. Close-up of 0.0098 in. (0.25 mm) soil particles used in 2013 and 2014 Ksat testing.



Figure B.5. Close-up of 0.0071 in. (0.18 mm) soil particles used in 2013 and 2014 Ksat testing.



Figure B.6. Close-up of 0.0059 in. (0.15 mm) soil particles used in 2013 and 2014 Ksat testing.



Figure B.7. Close-up of 0.003 in. (0.075 mm) soil particles used in 2013 and 2014 Ksat testing.
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Figure B.8. Close-up of 0.003 in. (0.075 mm) minus soil particles used in 2013 and 2014 Ksat testing.
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APPENDIX C
LABORATORY SUMMARIES OF SOILS USED FOR 2014 TESTING

Jobno.  RH-0428 Date October 5, 2016

A
Hole No. Course Extreme End - 5.8 Sheet 1 Laboratory Summary '7_’ WS D OT
Project Ksat testing - 2014
Cu DE0 | DE0O | D30 | D20 | D4

Muoist Density| Spacific| Gravel| Sand | Fines
(b3 y Gravity | 1) (%) | )

Dapth Samee | yscs Description MC% | LL | pL| P Ce 0

(ft)

® 10 Pre Test 9.0 1.0 6.7 (38.758 20.60) 14.06| 0.28 |5.751

X| 2.0 |Post- Com 0.4 1.3 71 |43.332) 37.78| 18.46| 10.58 | 6.064|

A| 30 | Post-Un 038 1.0 7.2 (40.887) 32.35| 15.22| 0.33 |5.713

US Sieve Opening In Inches US Sieve Numbers Hydrometer Analysis

3" I #4 #10 #40 #200
10

90\

L

70 T,

W
W
LA

80 \‘\

Percent Finer By Weight

i 8 5 4 3 2 01 8 5 4 3 2 08 5 4 3 2 0.001

Grain Size In Millimeter

Sand Silt
Graval | Clay

Coarsa Madium Fina Coarse Madium Fina




Job No

Hole Mo.

Project

RH-0428

Ksat testing - 2014

Course Extreme End - 8.4

Date
Sheet

October 5, 2016

1

Laboratory Summary

>

oT

Depth
ft)

Sample
Mo.

USCS

Dascription

Maist Density| Specific| Gravel
Ibsfi® ) Gravity | )

MC% | LL|PL| P

Sand | Fines
(%) | (%)

Cc

WSD

0

D20

(0]

® 10

Pre Test

ar.o

5.3

44.882| 30.48| 24.68

19.00

B.406|

m 20

Post- Com

ar.3

5.2

45.012] 30.62| 24.87

19.14

8.627|

US Sieve Opening In Inches

3

e

US Sieve Numbers
#40

#200

Hydrometer Analysis

10

]

80

7a

Percent Finer By Weight

-

I
=

X1
5]

1 B 5 4

Grain Size In Millimeter

3 2 01 a8 5 4 3 2

0.01 8

5 4

@
]

0.001

Gravel

Sand

Silt

Coarse

Medium |

Fina Coarsa

Madium

Fina

Clay




JobNo.  RH-0428 Date October 5, 2016 A
Hole No. Fine Sand/Gravel - 1.2 Sheet 1 Laboratory Summary 'T’ WS D l
Project Ksat testing - 2014
Depih ; - . Maist Density| Specific| Gravel| Sand | Fine
L,r% 53,1];'_3"' USCS Diescription Mo | L | L | P gt pra,,iw Growel] S| Foss ) ge | cu | D60 | D50 | D30 | D20 | DO
®| 1.0 | PreTest 34.0 14 | 36 |4.307| 366 | 2.64 | 2.24 |1.103
m| 2.0 |Post- Com| SP POORLY GRADED SAND with GRAVEL 353 (645| 02 | 1.3 | 35 (4300| 372 | 267 | 2.26 |1.241
A| 30 | Post-Un | SP POORLY GRADED SAND with GRAVEL 342 (655 | 03 | 1.4 | 36 (4320| 367 | 264 | 224 1101
US Sieve Cpening In Inches US Sieve Numbers Hydrometer Analysis
3" A4 #4 #10 #40 #200
100 I.,?;
a0
80
70 \
)
o o
= 60 \
g \
Z 50
-LE \
g 40
o
o
30 \
.
10
Bk
0 5 4 3 2 0 5 4 3 2 1 B 5 4 3 EH- 0.1 .F 5 4 2 001 8 5 4 3 2 0,001
Grain Size In Millimeter
Sand Silt
Graval - - - - Clay
Coarsa Medium | Fina Coarsa Medium Fina
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Job No.
Hole N
Project

Q.

RH-0428
Course Sand/Gravel - 1.55
Ksat testing - 2014

Date October 5, 2016

Sheet 1

Laboratory Summary

W

T

Depth
(ft)

Sample
Mo.

uscs

Description

MC¥% | LL | PL | PI

Muoist Diensity
(b=t

Spacific
Gravity

Grawe|
]

Sand | Fines
%) %)

Cc

Cu

ala]

SD

D30

D20 | D10

®| 1.0

Pre Test

135

267

63.0

54

7879

6.32 | 3.73

2.64 |1.545

x| 2.0

Post- Un

WELL-GRADED GRAVEL with SAND

627

3To0| 03

54

T7.846

6.20 | 3.60

2.61 |1.460)

Al 30

Post - Com

WELL-GRADED GRAVEL with SAND

627

3T | 0a

5.1

7.851

6.20 | 3T

2.64 |1.550)

Percent Finer By Weight

US Sieve Opening In Inches

3
100

¥4

US Sieve Numbers
#40

#200

Hydrometer Analysis

80

;

BO

\

\

th
rs

(5]
-
=]

"'"‘---:..._' = I
1 8 54 3 2‘- 0.1

Grain Size In Millimeter

00 e

5

0.001

Graval

Sand

Silt

Coarse

Madium | Fine

Coarse

Meadium

Fine

Clay

Cc-4




Job No.

Hole Mo.

Project

RH-0428
Course Sand/Gravel - 2.9
Ksat testing - 2014

October 5, 2016

1

Laboratory Summary

W

T

Depth
ft)

Sample
Mo.

USC

5

Dascription

MC% | LL|PL| P

Maoist Diensity

Gravity

Spacific

Gravel
%)

Fines
%)

Cu

D&0

SD

D30

D20

(0]

® 10

Pre Test

820

33

0.662

B.16 | 5.82

4.1

2.808]

m 20

Post - Com

GP

POORLY GRADED GRAVEL with SAND

.5

0.0

3.6

09.500

797 | 5.61

4.63

2674

A| 30

Post- Un

GP

POORLY GRADED GRAVEL with SAND

0.0

35

9471

796 | 5.61

4.64

Percent Finer By Weight

US Sieve Opening In Inches |

o
100

]

80

7a

4

US Sieve Numbers
#40

Hydrometer Analysis

%

\

5]

0 8

[ .-_._,__-____:L_‘ Ly

-
@
o

=

Grain Size In Millimeter

3 2 04

0.01 8

]

0.001

Gravel

Sand

Silt

Coarse

Medium | Fina

Coarsa

Madium

Fina

Clay

C-5



Job No.

Hole Mo.

Project

RH-0428

Course Sand/Gravel - 2.18

Ksat testing - 2014

Date October 5, 2016
Sheet 1

Laboratory Summary

W

T

Dapth
(ft)

S?q"glfb USCS

Diascription MC% | LL | PL| P

Muoist Diensity
bs/ft?)

Spacific
Gravity

Gravel
(%)

Sand | Fines
(Fa) 3]

Cc

Cu

De0

SD

D30

D20

D10

®| 10

Pre Test

63.0

0.9

3.6

7.879

6.32 | 3.88

2,

218

x| 20

Post- Com| GP

POORLY GRADED GRAVEL with SAND

625

374 ( 04

0.9

3.6

T7.820

6.27 | 3.84

2.89

2,178

A| 30

Post- Un GP

POORLY GRADED GRAVEL with SAND

61.8

381 ( 04

0.8

35

7748

6.19 | 3.79

2.88

2.1886|

Percent Finer By Weight

US Sieve Opening In Inches
3 Iy

LS Sieve Numbers

4 #10 #40

#200

Hydrometer Analysis

100 I—l\
80

. \

70

10

Y\"‘ —

4 3 2 1 8 4

0.1
Grain Size In Millimeter

00 e

5

0.001

Gravel

Sand

Silt

Coarse Madium | Fine

Coarse

Madium

Fine

Clay
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Job No.  RH-0428 Date Octaober 5, 2016 A
Hole No. Course Sand/Gravel - 3.9 Sheet 1 Laboratory Summary 'T’ WSDO I
Project Ksat testing - 2014
Dapth = . . Maoist Density| Specific| Gravel| Sand | Fins
{rf] Smlf‘@ uscs Description Mcs | L] L | P Mg Gp;eavity' Gl Se | 85| ce | cu | Deo | pso| D3o| D20 | Dio
®| 1.0 | PreTest 8s.0 1.0 | 26 [10.118 8.64 | 6.31 | 5.30 (3.019|
| 2.0 (Post-Com GP POORLY GRADED GRAVEL BRO0 | 120| 0.0 1.0 26 [10.133 865 | 6.31 | 5.30 |3.018
A| 30 | Post-Un GP POORLY GRADED GRAVEL B66 | 133 | 0.0 11 28 [0.016 853 | 6.20 | 5.28 |3.577
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
3" y4 #4 #10 #40 #200
100 B—\
a0 \
a0 \
T
=
g’ \
5 \
-
fs1)
50
=
g « i
i
& \
30
20
0 LN
o 5 4 3 2 0 8 5 4 3 2 i1 B 5! 5”2“ 01 4 5 4 3 2 001 8 5 4 3 0.001
Grain Size In Millimeter
Sand Silt
Gravel - - - - Clay
Coarse Madium | Fine Coarse Madium Fine
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Job No. RH-0428 Date October 5, 2016 A
Hole No. Fine Sand/Gravel - 0.12 Sheet 1 Laboratory Summary 'T’ WSD I
Project Ksat testing - 2014
Depth| Sample - Maist Density| Specific| Gravel| Sand | Fine
) ij'gp USCS Description MG | LL| PL | PI|  bat) | Gravity B | Hy | e | cc | cu | Deo | Ds0| DaD| D20 | D410
®| 1.0 | PreTest 5P POORLY GRADED SAND with GRAVEL 200 (800 0.0 | 06 | 13.0 [1.545| 0.02 [ 0.33 [ 0.19 |0.119|
®| 20 |Post-Com| SW WELL-GRADED SAND with GRAVEL 201 | 774 24 | 1.0 | 133 [1.506| 1.04 | 0.44 | 0.21 |0.120]
A| 30 | Post-Un 5P POORLY GRADED SAND with GRAVEL 223|764 13 | 08 | 110 (1.464| 0.05 | 0.30 | 0.20 |0.123]
% | 40 |PostF-Com| SW WELL-GRADED SAND with GRAVEL 208|776 | 16 | 1.1 | 133 (1.704] 112 | 0.48 | 0.23 |0.128]
@| 50 | Post-Un3| SP POORLY GRADED SAND with GRAVEL M3 | 772 15 | 06 | 141 [1.621| 0.97 | 0.34 | 0.10 |0.115]
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
3 V4 #4 #10 #40 #200
100 &k l\
a0 ,%
. Gy
70
=
o A
i AN
-
a
Z 50
L=
g 0
o
o
30
20
10
0 5 4 3 2 i0 8 5 4 3 2 1 B 5 4 3 2 001 8 5 4 3 2 0.001
Grain Size In Millimeter
Sand Silt
Gravel - - - - Clay
Coarse Madium | Fina Coarsa Madium Fina
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JobNo.  RH-0428 Date October 5, 2016

A
Hole No. Fine Sand/Gravel - 0.17 sheet 1 Laboratory Summary V— WS D T
Project Ksat testing - 2014 ‘
0 | D50

Depth|  Sample
{ft) Mo.

Moist Density| Specific| Gravel| Sand Fines

Uscs Dascription MC¥% | LL | PL | PI Mosft) | Grawity| @) | %) | %) Cc Cu | De0D

D30 | D20 | M0

®| 1.0 | PreTest sSP POORLY GRADED SAND with GRAVEL 200 | 80.0 | 0.0 0.7 | 118 (2000 1.25 | 0.40 | 0.28 |0.169)

X| 2.0 | Post- Un sSP POORLY GRADED SAND with GRAVEL 207 | 779 | 14 | 08 | 115 |2.008| 1.28 | 0.53 | 0.31 [0.175

A| 30 |Post- Com| SP POORLY GRADED SAND with GRAVEL N5 | Th1| 24 | 08 | 131 |2.078| 1.32 | 0.53 | 0.31 (0.150

*| 4.0 [Post-Com2| SP POORLY GRADED SAND with GRAVEL 207 | 77| 22 08 | 125 [2.001| 1.27 | 0.51 | 0.30 |0.160)

&

5.0 | Post- Un2 sSP POORLY GRADED SAND with GRAVEL N2 | 782 06 0.7 | 120 [2127) 1.33 | 0.52 | 0.20 0177

US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
E ¥ #4 #10 #40 #200

“ .\

80

o *‘\

Percent Finer By Weight

AN
10 K
N

==
0 5 4 3 2 0 8 5 4 3 2 1 B 5 4 3 2 0.1 € 5 4 3 2 001 8 5 4 3 2 0.001

Grain Size In Millimeter

Sand Silt
Gravel - - - - Clay
Coarse Medium | Fine Coarse Meadium Fine
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JobNo.  RH-0428 Date October 5, 2016

A
Hole No. Fine Sand/Gravel - 0.17 Sheet 2 Laboratory Summary V— WS D T
Project Ksat testing - 2014 ‘
0 | D50

Depth| Sample - Moist Density| Specific| Gravel| Sand | Fine
i amp uscs Description MC% | LL [ PL | PI| (o) | Gravity| o) | o | @ | Ce | Cu | D60 D30 | D20 | D10
®| 6.0 [Post-ComF SP POORLY GRADED SAND with GRAVEL 201 | 7B6 | 13 0.7 | 116 |1.901) 1.25 | 0.50 | 0.30 (0.472
X| 7.0 | Post-Und sSP POORLY GRADED SAND with GRAVEL 209 | 777 | 14 | 08 | 132 |20n4| 1.25 | 0.48 | 0.28 (0.152
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
3" ¥4 #4 #10 #40 #200
" .\
80

. *

Percent Finer By Weight

=
o |
5 4 3 2 0 8 5 4 3 2 1 B 5 4 3 2 01 8 5 4 3 2 001 8 5 4 3 2 0.001
Grain Size In Millimeter
Sand Silt
Gravel - - - - Clay
Coarse Medium | Fine Coarse Meadium Fine
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Job No. RH-0428 Date October 5, 2016 A
Hole No. Fine Sand/Gravel - 0.23 Sheet 1 Laboratory Summary '.T’ WS D T
Project Ksat testing - 2014
Depth : - . Moist Density| Specific| Gravel| Sand | Fine
crlt:] 51;3?'9 uscs Description Mc | LL | oL | P |Mohaes Gprgauny SErt| S5 TEe| ce | cu | De0 | Dso | D30 | D20 | DD
&) 10 Pre Test sp POORLY GRADED SAND with GRAVEL 34.0 | B6.0 | 0.0 0.8 161 |3.710| 246 | 0.85 | 0.48 (0.230)
X| 2.0 |Post- Com sP POORLY GRADED SAND with GRAVEL 338 | 661 | 04 0.8 16.0 (3.645( 2.38 | 0.83 | 0.48 |0.227|
A| 3.0 | Post-Un sp POORLY GRADED SAND with GRAVEL 345 | 630 | 16 0.8 16.1 (3.722| 240 | 0.83 | 0.48 |0.231
*| 4.0 |Post- Com3| SP POORLY GRADED SAND with GRAVEL 347 | 842 | 10 0.8 184 (3.805( 250 | 0.78 | 0.42 |0.207|
@] 5.0 | Post-Un2 sp POORLY GRADED SAND with GRAVEL 338 | 660 | 02 1.0 17.6 (3.603| 247 | 0.87 | 0.40 |0.210|
US Sieve Opening In Inches | US Sieve Numbers Hydrometer Analysis
3" 34 #4 #0 #40 #200
100 \
90 \
N
80 ‘\
70 Py
o s By,
=z 6 \a
-
fui) k
B 50
: AN
g 40
o
o
30
Ml
I
x %\\g
10 3’\\‘\‘\‘\&&
Sl
0 5 4 3 2 0 8 5 4 3 2 1 B 5 4 3 2 3.1? 5 4 3 2 001 8 5 4 3 0,001
Grain Size In Millimeter
Sand Silt
Gravel - - - - Clay
Coarse Medium | Fina Coarsa Medium Fina
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Job No. RH-0428 Date October 5, 2016 A
Hole No. Fine Sand/Gravel - 0.26 Sheet 1 Laboratory Summary 'T’WSDO l
Project Ksat testing - 2014
Depth : - . Maist Density| Specific| Gravel| Sand | Fine
L,r% 53,1];'_3'9 USCS Diescription Mo | L | L | P gt pra,,iw Growel] S| Foss ) ge | cu | D60 | D50 | D30 | D20 | DO
®| 1.0 | PreTest sp POORLY GRADED SAND 20 |980| 00 | 07 | 31 |0825] 0.65| 0.40 | 0.32 (0.264
m| 20 | Post-Un | SP POORLY GRADED SAND 12 | 984 | 04 | 08 | 3.3 |0.825| 0.65 | 0.40 | 0.32 |0.251
A| 30 |Post-Com| sP POORLY GRADED SAND 25 | 967 | 08 | 07 | 32 |0.821| 0.64 | 0.30 | 0.32 0.260
*| 40 |Post-un3| sP POORLY GRADED SAND 25 |967| 08 | 08 | 33 |0.840| 0.66 | 0.40 | 0.32 |0.256
@| 50 |Post-com2 SP POORLY GRADED SAND 32 |962| 07 | 07 | 32 |0.846| 0.66 | 0.40 | 0.33 |0.264
US Sieve Cpening In Inches US Sieve Numbers Hydrometer Analysis
3 4 #40 #200
100 W ——
a0
80
70
=3
I
)
@
Z 50
=
g 40
©
30 \
20 \
10 k
0 5 4 3 2 0 5 4 3 2 1 B 5 4 3 2 __U_TH._’ 4 3 2 001 8 5 4 3 0,001
Grain Size In Millimeter
Sand Silt
Graval - - - - Clay
Coarsa Medium | Fina Coarsa Medium Fina
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Job No

Hole Mo.

Project

RH-0428
Fine Sand/Gravel - 0.26
Ksat testing - 2014

Date
Sheet

October 5, 2016

2

Laboratory Summary

%

oT

Depth
ft)

Sampk | uscs

Dascription

Maist
{

MC% | LL|PL| P

Density| Specific

bs'fi*) | Gravity

Gravel
(%)

Sand | Fines
(%) | (%)

Cc
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0

D20

(0]

@ 60

Po

st - ComF| SP

POORLY GRADED SAND

217

21

97.5( 04

0.7

3.2

0.804

0.62 | 0.38

0.31

0.253]

Percent Finer By Weight

US Sieve Opening In Inches
3 KIS

100 —
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0.01 8
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0.001
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Job No.  RH-0428 Date Octaober 5, 2016 A
Hole No. Fine Exireme End - 0.02 Sheet 1 Laboratory Summary 'T’ WSDO I
Project Ksat testing - 2014
Dapth = . . Maoist Density| Specific]| Grawel| Sa ine
{rf] Smlf‘@ uscs Description Mcs | L] L | P Mg Gp;eavity' evel) Sand | Fes | cc | cu | Deo | Dso | Dao| D20 | D10
@ 1.0 4.0 | 73.0 | 23.0 15 16.8 |0.344| 0.24 | 0.10 | 0.05 |0.020]
| 2.0 [Post- COM| SM SILTY SAND 10 | NA| NP | NA 287 25 | 757 | 18| 32 | 406 [0.37T0| 0.22 | 0.10 | 0.06 |0.009|
A| 30 | Post-UN SM SILTY SAND 10 | NA| NP | HA 263 54 | 664|282 24 478 (0.303( 0.23 | 0.02 | 0.04 |0.008]
US Sieve Opening In Inches US Sieve Numbers Hydrometer Analysis
3" V4 #40 #200
100 i
a0
a0
fi]
T ™
- K
A
i o .
= ° N
ar
50
=
§ 40
o
o
30
20
10
o 5 4 3 2 10 5 4 3 =z i1 B 5 4 3 2 0.1
Grain Size In Millimeter
Sand Silt
Gravel - - - - Clay
Coarse Madium | Fine Coarse Madium Fine
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JobNo.  RH-0428 Date October 5, 2016 A
Hole No. Fine Extreme End - 0.005 Sheet 1 Laboratory Summary 'T’ WSD I
Project Ksat testing - 2014
Dapih . - . Maist Density| Specific| Gravel| Sand | Fine
{rlt:] Si}g{*‘ USCS Description Mos | L L | P | g Gﬁgavm Groel| Send| F=s ) e | cu | Deo | Dso | D3o| D20 | D10
®| 00 | PreTest | SM SILTY SAND 271 | 31 [ 704|267 | 48 | 58.0 |0.200( 0.17 | 0.08 | 0.04 (0.005
| 1.0 |[Post-Com| SM SILTY SAND 60 | NA| NP | NA 273 | 90 (663|247 | 48 | 617 |0.328( 0.22 | 0.00 | 0.04 (0.005
A| 20 | Post-Un 47 | 686 | 266 0.306| 0.20 | 0.09
% | 3.0 Post-0.0053 SM SILTY SAND 21 | 20 [ NP NA 276 | 0.1 | 631|368 | 1.2 | 6841 |0.184| 0.12 | 0.02 | 0.01 |0.003
US Sieve Opening In Inches US Sieve Numbers Hydrometer Analysis
3 V4 #40 #200
100 o
a0 -
a0 == —_—
70
=
o A
g o
-
a
Z 50
=
g 0
& b
o -
30
20
10 R
0 5 4 2 10 5 4 3 2 1 B 5 4 3 2 01 a 5 4 3 2 001 8 5 4 3 2 0.001
Grain Size In Millimeter
Sand Silt
Gravel - - - - Clay
Coarse Madium | Fina Coarsa Madium Fina
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Job No.
Hole Mo.
Project

MS-7119
FC-5-14
I-5 Chehalis Flood Control Study

Date November 22, 2016

Sheet 1

Laboratory Summary
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APPENDIX D

COMPACTION TEST LABORATORY SUMMARIES FOR SOILS USED FOR 2013

-
/4

Washington State
Department of Transportation

TESTING

Moisture - Density Relationship Report

Field Sample Number Lab Number Transmittal Number Control Number Federal Aid Number
Project Number SR Org. Code Project Description (or section)
RH-0428 K-SAT Testing 2014
Source of Materials Type of Material Sample Weight Date Sampled Date Tested Tested By % Passing 3/4 % Passing #4
10.2 SILTY SAND with Gravel 20lbs 3/9/15 3/10/15 JTTO1 100 96
T-99 or T-180 Method Mold Size (in) Specific Gravity Comments
T-180 D 6" 2.77
Can Number 1 2 3 4 5 6 7 8
Specimen Wt. + Mold 10480.0 10650.0 10560.0 10490.0 10570.0
Wt. of Mold: | 5750.0 5750.0 5750.0 5750.0 5750.0
Vol. Factor: | 0.075 0.075000 0.075000 0.075000 0.075000 0.075000
Wet Sample + Can 859.9 648.6 705.0 769.3 5220.0
Dry Sample + Can 823.1 613.8 659.5 714.4 4900.0
Wt. Comp. Soil 10.4279 10.8026 10.6042 10.4499 10.6263
Tare Wt. 221.2 182.3 215.1 214.7 269.9
Net Dry Wt. 601.9 431.5 444.4 499.7 4630.1
Wt. of Water 36.8 34.8 45.5 54.9 320.0
Wet Density 139.0 144.0 141.4 139.3 141.7
Water Content 0.0611 0.0806 0.1024 0.1099 0.0691
Water Content % 6.11% 8.06% 10.24% 10.99% 6.91%
Dry Density 131.0 133.3 128.3 125.5 132.5
As tested in Laboratory
i i Maximum Dry Density
Moisture - Density Curve 133.25
Optimum Moisture
134.0 I 7.8%
//"#\ Corrected for course material
\\ Maximum Dry Density
w/ N [13329
132.0 Optimum Moisture
) A e ]
Report to be sent to:
> 130.0 \
=
c \
[}
a \
>
5 1280
\
\
126.0 \x
124.0
40% 50% 6.0% 7.0% 80% 9.0% 10.0% 11.0% 12.0%
Moisture Content
¢ Seriesl —Poly. (Seriesl)

Figure D.1. Compaction test for 2013 WSDOT manufactured soil with 26% Gravel, 64%, Sand, and 10% fines.
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Washington State
Department of Transportation

Moisture - Density Relationship Report

Field Sample Number Lab Number Transmittal Number Control Number Federal Aid Number
Project Number SR Org. Code Project Description (or section)
RH-0428 K-SAT Testing 2014
Source of Materials Type of Material Sample Weight Date Sampled Date Tested Tested By % Passing 3/4 % Passing #4
20.2 SILTY SAND with Gravel 20lbs 3/22/15 3/23/15 JTTO1 100 96
T-99 or T-180 Method Mold Size (in) Specific Gravity Comments
T-180 D 6" 2.76
Can Number 1 2 3 4 5 6 7 8
Specimen Wt. + Mold 10566.0 10480.0 10247.0 10675.0 10696.0
Wt. of Mold: 5750.0 5750.0 5750.0 5750.0 5750.0
Vol. Factor: 0.075 0.075000 0.075000 0.075000 0.075000 0.075000
Wet Sample + Can 992.1 1305.0 875.5 819.2 765.5
Dry Sample + Can 945.0 1248.6 848.5 771.8 727.4
Wt. Comp. Soil 10.6174 10.4279 9.9142 10.8578 10.9041
Tare Wt. 227.6 731.4 228 228.2 232.2
Net Dry Wt. 717.4 517.2 620.5 543.6 495.2
Wt. of Water 47.1 56.4 27.0 47.4 38.1
Wet Density 141.6 139.0 132.2 144.8 145.4
Water Content 0.0657 0.1090 0.0435 0.0872 0.0769
Water Content % 6.57% 10.90% 4.35% 8.72% 7.69%
Dry Density 132.8 125.4 126.7 133.2 135.0
As tested in Laboratory
i A Maximum Dry Density
Moisture - Density Curve 135
Optimum Moisture
136.0 | 7%
Corrected for course material
/T Maximum Dry Density
y4 ( 1359
134.0 ) .
/ Optimum Moisture
/ 7%
4 \\
/
132.0 \ Report to be sent to:
2 A\
D / \
c
& 1300 / \
(a) /
z\
a) //
128.0 \
\
/ \
'y \
126.0 \
\\‘
124.0
40% 50% 6.0% 7.0% 80% 9.0% 10.0% 11.0% 12.0%
Moisture Content
& Seriesl —Poly. (Series1)

Figure D.2. Compaction test for 2013 WSDOT manufactured soil with 23% Gravel, 57%, Sand, and 20% fines.



A )
7- Washington State
" Department of Transportation

Moisture - Density Relationship Report

Field Sample Number Lab Number Transmittal Number Control Number Federal Aid Number
Project Number SR Org. Code Project Description (or section)
RH-0428 K-SAT Testing 2014
Source of Materials Type of Material Sample Weight Date Sampled Date Tested Tested By % Passing 3/4 % Passing #4
30.2 SILTY SAND with Gravel 20lbs 4/1/15 4/2/15 JTTO1 100 76
T-99 or T-180 Method Mold Size (in) Specific Gravity Comments
Can Number 1 2 3 4 5 6 7 8
Specimen Wt. + Mold 10437.0 10314.0 10533.0 10564.0 10280.0
Wt. of Mold: 5750.0 5750.0 5750.0 5750.0 5750.0
Vol. Factor: 0.075000 0.075000 0.075000 0.075000 0.075000
Wet Sample + Can 916.0 837.3 1226.7 914.0 1294.3
Dry Sample + Can 865.0 766.1 1132.5 853.0 1222.3
Wt. Comp. Soil 10.3331 10.0619 10.5447 10.6130 9.9869
Tare Wt. 236.1 215.9 232 229.5 231.9
Net Dry Wt. 628.9 550.2 900.5 623.5 990.4
Wt. of Water 51.0 71.2 94.2 61.0 72.0
Wet Density 137.8 134.2 140.6 141.5 133.2
Water Content 0.0811 0.1294 0.1046 0.0978 0.0727
Water Content % 8.11% 12.94% 10.46% 9.78% 7.27%
Dry Density 127.4 118.8 127.3 128.9 124.1
As tested in Laboratory
i A Maximum Dry Density
Moisture - Density Curve 1293
Optimum Moisture
I 9.2%
131.0 Corrected for course material
Maximum Dry Density
— I 130.43
129.0 » Optimum Moisture
127.0 \’\
// \ Report to be sent to:
2 125.0 \
2 ¢
O 1230 :
> \
a N
N\
121.0 \
N
N,
119.0 o
117.0
115.0
4.0% 6.0% 8.0% 10.0% 12.0% 14.0%
Moisture Content
& Seriesl —Poly. (Series1)

Figure D.3. Compaction test for 2013 WSDOT manufactured soil with 19% Gravel, 51%, Sand, and 30% fines.



APPENDIX E

COMPACTION TEST LABORATORY SUMMARIES FOR SOILS USED FOR 2014

Washington

-
/4

State

Department of Transportation

TESTING

Moisture - Density Relationship Report

Field Sample Number Lab Number Transmittal Number Control Number Federal Aid Number
Project Number SR Org. Code Project Description (or section)
RH-0428 K-SAT Testing 2014
Source of Materials Type of Material Sample Weight Date Sampled Date Tested Tested By % Passing 3/4 % Passing #4
0.02 Extreme Fine End 7.5lbs 1/23/15 1/28/15 JJTO1 100%0 98%0
T-99 or T-180 Method Mold Size (in) Specific Gravity Comments
T-99 B 4" 2.67
Can Number 1 2 3 4 5 6 7 8
Specimen Wt. + Mold 5372.0 5446.0 5564.0 5560.0 5572.0
Wt. of Mold: 3564.0 3564.0 3564.0 3564.0 3564.0
Vol. Factor: 0.075 0.033200 0.033200 0.033200 0.033200 0.033200
Wet Sample + Can 350.0 370.9 478.4 282.7 263.0
Dry Sample + Can 325.0 340.7 445.5 257.0 237.4
Wt. Comp. Soil 3.9860 4.1491 4.4092 4.4004 4.4269
Tare Wt. 82 81.6 201.3 87.8 84.5
Net Dry Wt. 243.0 259.1 244.2 169.2 152.9
Wt. of Water 25.0 30.2 32.9 25.7 25.6
Wet Density 120.1 125.0 132.8 132.5 133.3
Water Content 0.1029 0.1166 0.1347 0.1519 0.1674
Water Content % 10.29% 11.66% 13.47% 15.19% 16.74%
Dry Density 108.9 111.9 117.0 115.1 114.2
As tested in Laboratory
) ) Maximum Dry Density
Moisture - Density Curve 1172
Optimum Moisture
120.0 [I=37%
Corrected for course material
Maximum Dry Density
/‘,__‘ Optimum Moisture
/ \
/ D
1150 / \ Report to be sent to:
=
= /
c
[
[a)
>
S
[a) /
110.0 /,
105.0
10.0%  11.0%  12.0%  13.0%  14.0%  15.0%  16.0%  17.0%
Moisture Content
& Seriesl —Poly. (Series1)

Figure E.1. Compaction test for 2014 WSDOT manufactured soil — extreme fine end with target dio of 0.02 mm.
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Washington State
Department of Transportation

Moisture - Density Relationship Report

Field Sample Number Lab Number Transmittal Number Control Number Federal Aid Number
Project Number SR Org. Code Project Description (or section)
RH-0428 K-SAT Testing 2014
Source of Materials Type of Material Sample Weight Date Sampled Date Tested Tested By % Passing 3/4 % Passing #4
0.26 Fine End Sand 20 lbs 1/27/15 1/28/15 JTTO1 100 98
T-99 or T-180 Method Mold Size (in) Specific Gravity Comments
T-180 D 6" 2.77
Can Number 1 2 3 4 5 6 7 8
Specimen Wt. + Mold 10040.0 10386.0 10500.0 10500.0 10380.0 10460.0
Wt. of Mold: | 5747.9 5747.9 5747.9 5747.9 5747.9 5747.9
Vol. Factor: | 0.075 0.075000 0.075000 0.075000 0.075000 0.075000 0.075000
Wet Sample + Can 634.7 512.7 588.5 524.5 527.2 628.4
Dry Sample + Can 610.5 490.0 551.1 493.0 495.0 593.5
Wt. Comp. Soil 9.4624 10.2252 10.4766 10.4766 10.2120 10.3884
Tare Wt. 216 228 201.6 214.6 234.6 228
Net Dry Wt. 394.5 262.0 349.5 278.4 260.4 365.5
Wt. of Water 24.2 22.7 37.4 31.5 32.2 34.9
Wet Density 126.2 136.3 139.7 139.7 136.2 138.5
Water Content 0.0613 0.0866 0.1070 0.1131 0.1237 0.0955
Water Content %% 6.13% 8.66% 10.70% 11.31% 12.37% 9.55%
Dry Density 118.9 125.5 126.2 125.5 121.2 126.4
As tested in Laboratory
) . Maximum Dry Density
Moisture - Density Curve 1265
Optimum Moisture
128.0 [T02%
127.0 Corrected for course material
Maximum Dry Density
126.0 L
>4 Optimum Moisture
125.0 L \
N,
124.0 71
// Report to be sent to:
.. 1230 4 \
[%2]
2 1220 / h
[}
0 121.0 /
> /
S
0O 120.0
/
119.0 ¢
118.0
117.0
116.0
115.0
6.0% 7.0% 8.0% 9.0% 10.0% 11.0% 12.0% 13.0%
Moisture Content
¢ Seriesl —Poly. (Series1)

Figure E.2. Compaction test for 2014 WSDOT manufactured soil —fine end sand with target dio of 0.26 mm.
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APPENDIX F
GRAIN SIZE PARAMETERS OF SOILS TESTED

Table F.1. Measured index properties for soils tested in current study, sorted by degree of compaction and then by the dio size.

Fines
Permea- - Coeff. of Coeff. of
Source of Soil Test Soil Case Com- meter di dso deo deo Fraction, Uniformity, | Curvature,
Year pacted? Tvoe (mm) | (mm) | (mm) (mm) by C C

yp Weight Y ¢
MS-7119, FC-5-14, S5, SR5 near
Chehalis (Shelby tube, undisturbed 2014 | Natural alluvial soil (silt) No Flexible | 0.001 | 0.004 | 0.016 0.059 0.938 16.0 1.00
sample)
MS-7119, FC-5-14, S5, SR5 near
Chehalis (Shelby tube, undisturbed 2014 | Natural alluvial soil (silt) No Flexible | 0.002 | 0.009 | 0.021 0.063 0.938 10.5 1.93
sample)
Manufactured by WSDOT 2014 | Extreme Fine End - 0.005 mm No Flexible | 0.005 0.09 0.306 3.0 0.37 61.2 5.29
Manufactured by WSDOT 2014 | Extreme Fine End - 0.01 mm No Flexible | 0.008 | 0.082 | 0.393 3.021 0.38 49.1 214
Manufactured by WSDOT 2013 | Gravel = 4%, Sand = 66%, Silt = 30% No Flexible | 0.037 | 0.075 | 0.176 | 163 0.300 4.76 0.86
Manufactured by WSDOT 2013 | Gravel =19%, Sand = 51%, Silt = 30% No Flexible | 0.037 | 0.075 | 0.846 | 1091 0.300 22.9 0.18
Manufactured by WSDOT 2013 | Gravel = 45%, Sand = 25%, Silt = 30% No Flexible | 0.037 | 0.075 | 5.79 19.0 0.300 156 0.03
Manufactured by WSDOT 2013 | Gravel =5%, Sand = 75%, Silt = 20% No Flexible | 0.040* | 0.103 | 0273 | 231 0.200 6.83 0.97
Manufactured by WSDOT 2013 | Gravel = 49%, Sand = 31%, Silt = 20% No Flexible | 0.040 | 0.825 | 6596 | 19.48 0.200 165 2.58
Manufactured by WSDOT 2013 | Gravel =23%, Sand = 57%, Silt = 20% No Flexible | 0.040 | 0.164 | 1.311 | 12.26 0.200 32.8 051
Manufactured by WSDOT 2013 | Gravel =55%, Sand = 35%, Silt = 10% No Flexible | 0075 | 2.00 | 7.989 | 20.82 0.100 107 6.68
Manufactured by WSDOT 2013 | Gravel = 26%, Sand = 64%, Silt = 10% No Flexible | 0.075 | 0267 | 1.875 | 13.02 0.100 25.00 051
Manufactured by WSDOT 2013 | Gravel = 26%, Sand = 64%, Silt = 10% No Flexible | 0.075 | 0267 | 1.875 | 13.02 0.100 25.00 051
Manufactured by WSDOT 2013 | Gravel = 6%, Sand = 84%, Silt = 10% No Flexible | 0075 | 0128 | 0.334 | 2.90 0.100 445 0.65
Manufactured by WSDOT 2014 | Fine End Sand - 0.12 mm No Rigid | 0115 | 034 | 1621 | 99 0.015 14.1 0.62
Manufactured by WSDOT 2014 | Fine End Sand - 0.12 mm No Rigid | 0123 | 0387 | 146 | 10.25 0.013 11.87 0.83
Manufactured by WSDOT 2014 | Fine End Sand - 0.17 mm No Rigid 0.152 | 0485 | 2.014 9.794 0.006 13.25 0.77
Manufactured by WSDOT 2014 | Fine End Sand - 0.17 mm No Rigid 0.177 | 0517 | 2.127 9.88 0.010 12.02 0.71
Manufactured by WSDOT 2014 | Fine End Sand - 0.23 mm No Rigid 0.231 0.83 3.722 11.0 0.010 16.11 0.80
Manufactured by WSDOT 2014 | Fine End Sand - 0.26 mm No Rigid 0.256 | 0.404 0.84 1.751 0.080 3.28 0.76
Manufactured by Glacier NW Inc. | 2008 | Fine End Gravel Borrow No Rigid | 0297 | 0.822 | 2355 | 4.41 0.056 7.93 0.97
Manufactured by Glacier NW Inc. | 2008 | Fine End Gravel Borrow No Rigid | 0299 | 0.752 | 2.108 | 4.30 0.056 7.05 0.90
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Fines
Source of Soil J:;tr Soil Case pgcot?(;? P%{Q: f (r?ﬁ;) (rcrl]ﬁ]) (r?]?%) (rcr|19r$1) Frag;[/ion, Ugic;ce)f:r'ncijry, Ci(rj\?gfucfe,
ype Weight Cu Ce
Manufactured by Glacier NW Inc. | 2008 | Fine End Gravel Borrow No Rigid | 0.325 | 0.781 | 2157 | 4.32 0.056 6.64 0.87
Pit J149 (Grand Mound) 2008 | Select Borrow No Rigid | 0.358 | 1.069 | 3.815 | 19.0 0.028 10.66 0.84
Manufactured by Glacier NW Inc. | 2008 | Common Borrow No Rigid | 0.378 | 1.084 | 3.849 | 1957 0.038 10.18 0.81
Pit J149 (Grand Mound) 2008 Select Borrow No Rigid 039 | 0903 | 2.918 15.73 0.028 737 0.71
Pit J149 (Grand Mound) 2008 Select Borrow No Rigid 0.419 1.35 5.466 20.85 0.028 13.05 0.80
Pit J149 (Grand Mound) 2008 Sandy Glacial Outwash No Rigid 0.42 2178 | 7.658 19.6 0.007 18.23 1.47
Manufactured by Glacier NW Inc. 2008 Common Borrow No Rigid 0437 | 1.195 4.28 20.26 0.038 9.79 0.76
Manufactured by Glacier NW Inc. 2008 Common Borrow No Rigid 0.432 112 3.073 18.04 0.038 7.41 0.90
Pit J149 (Grand Mound) 2008 Sandy Glacial Outwash No Rigid 0561 | 1.882 | 6.983 17.88 0.007 12.45 0.90
Pit J149 (Grand Mound) 2008 Sandy Glacial Outwash No Rigid 0.6 2478 | 8545 19.6 0.007 14.24 1.20
Manufactured by Glacier NW Inc. 2008 Course Gravel Borrow No Rigid 1029 | 5711 | 12.10 2207 0.032 11.76 262
Manufactured by WSDOT 2014 | Coarse Sand and Gravel — 1.2 mm No Rigid 1.19 2.64 4.32 12.82 0.003 3.63 1.36
Manufactured by WSDOT 2014 | Coarse Sand and Gravel — 1.55 mm No Rigid 1.46 3.69 7.846 15.23 0.001 5.06 1.13
Manufactured by WSDOT 2014 | Coarse Sand and Gravel — 2.18 mm No Rigid 2.19 3.79 7.75 15.2 0.001 3.54 0.85
Manufactured by WSDOT 2014 | Coarse Sand and Gravel —2.9 mm No Rigid 2.68 5.61 9.47 15.98 0.00 3.53 1.24
Manufactured by WSDOT 2014 | Coarse Sand and Gravel — 3.9 mm No Rigid 3.577 6.2 10.02 16.27 0.00 2.80 1.07
Manufactured by Glacier NW Inc. 2008 Course Gravel Borrow No Rigid 5.607 8.32 15.04 22,68 0.032 268 0.82
Manufactured by Glacier NW Inc. 2008 Course Gravel Borrow No Rigid 5637 | 8355 | 15.07 22,68 0.032 267 0.82
Manufactured by WSDOT 2014 | Coarse Sand and Gravel —5.8 mm No Rigid 5713 | 15.22 | 40.89 64.45 0.00 7.16 0.99
Manufactured by WSDOT 2014 | Extreme Fine End - 0.005 mm Yes Flexible | 0.003 | 0.024 | 0.184 0.78 0.37 61.33 1.04
Manufactured by WSDOT 2014 | Extreme Fine End - 0.01 mm Yes Flexible | 0.009 | 0.104 0.37 1.928 0.218 41.11 3.25
Manufactured by WSDOT 2013 | Gravel = 4%, Sand = 66%, Silt = 30% Yes Flexible | 0.037 | 0075 | 0.176 163 0.30 476 0.86
Manufactured by WSDOT 2013 | Gravel = 4%, Sand = 66%, Silt = 30% Yes Flexible | 0.037 | 0075 | 0.176 163 0.30 476 0.86
Manufactured by WSDOT 2013 Gravel = 19%, Sand = 51%, Silt = 30%, Yes Flexible | 0.037 | 0075 | 0.846 10.91 0.300 2286 0.18
Manufactured by WSDOT 2013 | Gravel = 19%, Sand = 51%, Silt = 30% Yes Flexible | 0.037 | 0075 | 0846 | 10091 0.300 2286 0.18
Manufactured by WSDOT 2013 | Gravel = 45%, Sand = 25%, Silt = 30% Yes Flexible | 0.037 | 0075 | 5.79 19.0 0.300 156.5 0.026
Manufactured by WSDOT 2013 | Gravel = 45%, Sand = 25%, Silt = 30% Yes Flexible | 0037 | 0075 | 5.79 19.0 0.300 156.8 0.026
Manufactured by WSDOT 2013 | Gravel = 5%, Sand = 75%, Silt = 20% Yes Flexible | 0040 | 0.103 | 0.273 231 0.200 6.83 0.97
Manufactured by WSDOT 2013 | Gravel = 49%, Sand = 31%, Silt = 20% Yes Flexible | 0.040t | 0825 | 6596 | 19.48 0.200 164.9 258
Manufactured by WSDOT 2013 | Gravel = 23%, Sand = 57%, Silt = 20% Yes Flexible | 0040 | 0164 | 1311 | 12.26 0.200 32.78 051
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Fines
Source of Soil J:;tr Soil Case pgcot?(;? P%{Q: f (r?ﬁ;) (rcrl]ﬁ]) (r?]?%) (rcr|19r$1) Frag;[/ion, Ugic;ce)f:r'ncijry, Ci(rj\?gfucfe,

ype Weight Cu Ce
Manufactured by WSDOT 2013 Gravel = 55%, Sand = 35%, Silt = 10% Yes Flexible | 0.075 200 7.989 20.82 0.100 106.52 6.68
Manufactured by WSDOT 2013 Gravel = 26%, Sand = 64%, Silt — 10% Yes Flexible | 0.075 | 0267 | 1.875 13.02 0.100 25.00 051
Manufactured by WSDOT 2013 Gravel = 26%, Sand = 64%, Silt — 10% Yes Flexible | 0075 | 0267 | 1.875 13.02 0.100 25.00 051
Manufactured by WSDOT 2013 Gravel = 6%, Sand = 84%, Silt = 10% Yes Flexible | 0075 | 0.128 | 0.334 290 0.100 4.45 0.65
Manufactured by WSDOT 2014 | Fine End Sand - 0.12 mm Yes Rigid 0.120 | 0.444 1.6 9.55 0.024 13.33 1.03
Manufactured by WSDOT 2014 | Fine End Sand - 0.12 mm Yes Flexible | 0.128 | 0.483 1.7 9.82 0.016 13.28 0.81
Manufactured by WSDOT 2014 | Fine End Sand - 0.17 mm Yes Rigid 0.160 | 0.509 2,01 9.737 0.022 12.56 0.81
Manufactured by WSDOT 2014 | Fine End Sand - 0.17 mm Yes Flexible | 0.172 | 0.495 1.99 9.54 0.013 11.57 0.72
Manufactured by WSDOT 2014 | Fine End Sand - 0.23 mm Yes Rigid 0.207 | 0.785 3.81 12.75 0.010 18.41 0.78
Manufactured by WSDOT 2014 | Fine End Sand - 0.26 mm Yes Rigid 0.260 0.39 0.821 1.50 0.015 3.16 0.71
Manufactured by WSDOT 2014 | Fine End Sand - 0.26 mm Yes Flexible | 0.253 | 0.383 | 0.804 1.732 0.004 3.18 0.72
Manufactured by WSDOT 2014 | Fine End Sand - 0.26 mm Yes Rigid 0.261 | 0.405 | 0.846 1.781 0.007 3.24 0.74
Manufactured by Glacier NW Inc. 2008 Fine End Gravel Borrow Yes Rigid 0.33 1.043 | 2.768 593 0.056 8.39 1.19
Manufactured by Glacier NW Inc. 2008 Fine End Gravel Borrow Yes Rigid 0.35 1.086 | 2.838 6.854 0.056 8.11 1.19
Manufactured by Glacier NW Inc. 2008 Common Borrow Yes Rigid 0365 | 1291 | 3571 11.77 0.038 9.78 1.28
Manufactured by Glacier NW Inc. 2008 Fine End Gravel Borrow Yes Rigid 0.38 1.204 | 2.955 751 0.056 778 1.29
Pit J149 (Grand Mound) 2008 | Select Borrow Yes Rigid | 0.429 | 1.307 | 4559 | 13.32 0.028 10.63 0.87
Manufactured by Glacier NW Inc. 2008 Common Borrow Yes Rigid 0.449 | 1532 | 3.939 12.88 0.038 877 1.33
Manufactured by Glacier NW Inc. 2008 Common Borrow Yes Rigid 0454 | 1.655 | 3.881 12.81 0.038 8.55 155
Pit J149 (Grand Mound) 2008 | Select Borrow Yes Rigid | 0507 | 2.078 | 5358 | 13.85 0.028 10.57 1.59
Pit J149 (Grand Mound) 2008 | Select Borrow Yes Rigid | 0551 | 2.255 | 5758 | 14.83 0.028 10.45 1.60
Pit J149 (Grand Mound) 2008 Sandy Glacial Outwash Yes Rigid 0.695 | 4.017 9.84 19.6 0.007 14.15 2136
Pit J149 (Grand Mound) 2008 Sandy Glacial Outwash Yes Rigid 0.71 4429 | 10.38 19.6 0.007 14.62 266
Pit J149 (Grand Mound) 2008 Sandy Glacial Outwash Yes Rigid 0.722 | 4.055 9.96 19.6 0.007 13.79 229
Manufactured by WSDOT 2014 | Coarse Sand/Gravel — 1.2 mm Yes Rigid 1.24 2.67 4.39 12.82 0.002 3.54 131
Manufactured by WSDOT 2014 | Coarse Sand/Gravel —1.55 mm Yes Rigid 155 | 371 | 785 15.2 0.003 5.38 1.19
Manufactured by WSDOT 2014 | Coarse Sand/Gravel —2.18 mm Yes Rigid 218 | 384 | 783 | 1524 0.001 3.59 0.86
Manufactured by WSDOT 2014 | Coarse Sand/Gravel —2.9 mm Yes Rigid 267 | 561 | 95 16.08 0.000 3.56 1.24
Manufactured by WSDOT 2014 | Coarse Sand/Gravel —3.9 mm Yes Rigid 392 | 631 | 1012 | 16.23 0.000 2.58 1.00
Manufactured by Glacier NW Inc. 2008 Course Gravel Borrow Yes Rigid 5354 | 7373 | 11.91 19.4 0.032 223 0.85
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Fines
Permea- : Coeff. of Coeff. of
Source of Soil Test Soil Case Com- meter dio dso deo doo Fraction, Uniformity, | Curvature,
Year pacted? (mm) | (mm) | (mm) (mm) by
Type ; Cu Cc
Weight
Manufactured by Glacier NW Inc. 2008 Course Gravel Borrow Yes Rigid 5.498 7.63 12.48 20.65 0.032 227 0.85
Manufactured by Glacier NW Inc. 2008 Course Gravel Borrow Yes Rigid 5.623 8.009 13.61 21.96 0.032 2.42 0.84
Manufactured by WSDOT 2014 Coarse Sand/Gravel — 5.8 mm Yes Rigid 6.06 18.46 43.33 65.39 0.000 7.15 1.30
Manufactured by WSDOT 2014 Coarse Sand/Gravel — 8.4 mm Yes Rigid 8.63 24.87 45.01 66.01 0.000 522 1.59

*Extrapolatred below No. 200 sieve size to obtain value.
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APPENDIX G
ADDITIONAL ANALYSES FOR THE DATA AND EQUATION BY
MASSMAN (2003)

This appendix provides additional analyses of the Massmann (2003) data and Ksat

equation (Eg. 1 in main report). The purposes for the appendix include:

e assessment the differences between the converted air permeability data gathered by
Massmann (2003) and the saturated hydraulic conductivity data gathered in the current
study as well as by Chapuis (2004), and

e statistical assessment of the Ksat equation developed by Massmann (2003).

Regarding the air permeability data converted to Ksat, since the Massmann (2003)
equation does not address compacted soils, the Chapuis Equation (Eg. 6) is used for comparing
the air permeability data to the saturated hydraulic conductivity data. This comparison is
illustrated in Figure G.1. In this figure, it is obvious that the Massmann (2003) converted air
permeability data have values that are an order of magnitude or more higher than the saturated
hydraulic conductivity data gathered by Chapuis (2004) and in the present study.

Figure G.2 shows the Massmann (2003) Equation prediction bias as a function of the d1o
size. A logarithmic scale for the Y-axis is necessary due to the very wide range in the bias
values. The Chapuis (2004) data could not be included in this plot due to the lack of adequate
soil gradation data. This figure illustrates that with the exception of a narrow range in dio size of
0.1 to 0.6 mm and only for the uncompacted WSDOT test data, all the rest of the data is well out
of range regarding prediction accuracy.
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Figure G.1. Ksat prediction bias for equation by Chapuis (2004) — all data, including converted air
permeability data gathered by Massmann (2003).
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Figure G.2. Ksat prediction bias for equation by Massman (2003) — all data except data from Chapuis (2004).



Figure G.3 through G.6 provide CDF plots of various subsets of the WSDOT data for the
Massmann (2003) Equation bias. If all of the data are considered, it is obvious that the
distribution is not lognormal, and the COV is unreasonably high. If the data corresponding to a
d1o of greater than 1.0 mm are removed, the distribution is reasonably close to lognormal, but a
general lognormal fit of the data is still not very representative of the distribution, requiring as fit
to the lower tail. Even when doing this, the statistics are poor, with the mean value significantly
less than 1.0 and the COV still too high.
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Figure G.3. CDF of Ksat prediction bias for equation by Massman (2003) — all WSDOT specimen data.
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Figure G.4. CDF of Ksat prediction bias for equation by Massman (2003) — all WSDOT specimen data with
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Figure G.5. CDF of Ksat prediction bias for equation by Massman (2003) — all uncompacted WSDOT

specimen data with dio < 1.0 mm.
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Figure G.6. CDF of Ksat prediction bias for equation by Massman (2003) — all compacted WSDOT specimen
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APPENDIX H
ASSESSMENT OF THE COZENY-CARMEN EQUATION

The Cozeny-Carmen Method, shown in the report as Eq. 5, is repeated below for

convenience:

Koar = € ——( e ) (H.1-Eq. 5)

twPw \SFGZ(1+e)

where,

C = a constant that depends on the porous space geometry
g = gravitational constant (m/s?)

uw = dynamic viscosity of water (Pa-s)

pw = density of water (kg/m®)

Gs = specific gravity of solids

Ss = specific surface of solids (m?%mass of solids in kg)

e = void ratio

Carrier (2003) further developed this equation to apply directly to soil grain size
distribution data as follows:

Ksat = 19,900 I F E

100% 1 3
- : ] (H.2)
where,
fi = increment of % passing by weight from grain size distribution (%)
dii = grain size at upper end of considered grain size increment (mm)
dsi = grain size at lower end of considered grain size increment (mm)

e = void ratio
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SF = soil particle shape factor (equals 6.1 to 6.6 for rounded particles, 6.4 to 7.5 for subangular

particles, and 7.7 to 8.4 for angular particles)

This form of the equation is used in this appendix. To calculate the values within the
summation in Eq. H.2, the following soil grain sizes are used: dseo, dso, d3o, d20, d10, and do.
Due to the need for the full grain size curve to complete this calculation, only the test results
from the current study could be used (i.e., there was not enough grain size information to do this
for the data gathered in Chapuis 2004).

Figure H.1 shows how well the Cozeny-Carmen Equation predicted the measured Ksat
values. The void ratio helped to bring the uncompacted and compacted test results together,
similar to the original and optimized Slichter, Terzaghi, and Chapuis equations. The overall trend
in the data is off the one-to-one correspondence line in the plot. Figure H.2 illustrates the
prediction bias trend and overall scatter in the data as a function of the d1o size. Figure H.3
shows the statistical distribution of the two data sets that could be evaluated, and the resulting

statistics. The distributions are close to lognormal, but the COV values are high.
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Figure H.1. Ksat predictions using the Cozeny-Carmen Equation, with outliers removed.
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Attempts to optimize this equation in a similar manner as was done for the other three equations
was not successful, in that while an improvement in the overall trend in the data in Figure H.1

could be obtained, the data statistics were not improved.
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Figure H.2. Method bias as a function of dao size for the Cozeny-Carmen Equation with outliers removed.
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Figure H.3. Bias distributions for datasets analyzed using the Cozeny-Carmen equation with lognormal fit to
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APPENDIX |
DEPENDENCE OF THE Ksat PREDICTION BIAS ON THE PREDICTED
Ksat VALUE

Figures I-1 through I-3 illustrate the potential dependency between the Ksa prediction bias and
the predicted Ksat values for the optimized Slichter, Terzaghi, and Chapuis equations. In
general, there appears to be little, if any, dependency for all three equations, except possibly at
the upper end of the Ksat range (i.e., predicted Ksat greater than approximately 1 to 3 cm/s).
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Figure I.1. Ksat method bias as a function of predicted Ksat value for the Optimized Slichter Equation
(outliers removed); linear functions used for regressions.
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Americans with Disabilities Act (ADA) Information

This material can be made available in an alternate format by emailing the Office of Equal
Opportunity at wsdotada@wsdot.wa.gov or by calling toll free, 855-362-4ADA (4232). Persons
who are deaf or hard of hearing may make a request by calling the Washington State Relay at
711.

Title VI Notice to Public

It is the Washington State Department of Transportation’s policy to assure that no person shall,
on the grounds of race, color, national origin or sex, as provided by Title VI of the Civil Rights
Act of 1964, be excluded from participation in, be denied the benefits of, or be otherwise
discriminated against under any of its federally funded programs and activities. Any person who
believes his/her Title VI protection has been violated, may file a complaint with WSDOT’s
Office of Equal Opportunity. For additional information regarding Title VI complaint procedures
and/or information regarding our non-discrimination obligations, please contact OEQ’s Title VI
Coordinator at 360-705-7082.
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