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EXECUTIVE SUMMARY 
 

 This study dealt with characterizing the hydrologic properties of cover soils 

in the Alternative Cover Assessment Program (ACAP). Soil samples collected from 

ten ACAP test sites were tested to determine their saturated hydraulic conductivity, 

soil water characteristic curve, physical properties, and index properties.  

Hydrologic properties of 180 samples were measured.  A primary objective was to 

understand how the hydrologic properties of alternative cover soils (i.e., saturated 

hydraulic conductivity, ks, and the van Genuchten parameters α and n) are related 

to index and physical properties. A secondary objective was to develop functional 

relationships between index and hydrologic properties, which are commonly known 

as pedotransfer functions (PTFs). PTFs for ks, α, and n were developed using 

stepwise regression and the index, physical, and hydrologic properties that were 

measured. These PTFs were compared with other PTFs from the literature.  

 The soils were categorized into 32 groups corresponding to layers in the 

ACAP test sections comprised of soil having similar texture. These groups range 

from GC to CH in the USCS, and S to SiC in the USDA system. The saturated 

hydraulic conductivity ranges between 4.0x10-8 and 2.1x10-2 cm/s, α ranges 

between 9.5x10-4 and 4.8x10-1 kPa-1, and n ranges between 1.19 and 7.12. 

Appreciable variability exists for each parameter within in each group. Goodness-

of-fit tests showed that the variability of ks and α can be described by the log-

normal distribution, and the variability of n can be described by the normal 
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distribution. The standard deviation of lnks varies between 0.12 and 4.32 (ks in 

cm/s), and for lnα the standard deviation varies between 0.05 and 2.20 (α in kPa-1). 

For n, the standard deviation varies between 0.01 and 1.24. 

Graphical analysis of the data showed that ks has a strong inverse 

relationship with compaction water content (wc), but also is inversely related to 

plasticity characteristics (i.e., liquid limit, plastic limit, plasticity index), initial 

saturation, compaction water content relative to optimum water content, and 

relative compaction.  The parameter α has a strong direct relationship with ks, and 

is inversely related to 2 µm clay content, plasticity characteristics, and compaction 

water content relative to optimum water content. The parameter n is less sensitive 

to physical and index properties than ks and α. A modest inverse relationship exists 

between n and plastic limit, whereas a modest direct relationship exists between n 

and compaction water content relative to optimum water content, and organic 

matter content. 

The PTFs developed for ks, α, and n contain most of the parameters found 

to be influential in the graphical analyses. These PTFs are: 

 

log10ks = 7.747 - 0.756(γd) + 0.032(Si) - 0.028(LL) - 0.185 (wc) 

log10α = -1.441 + 0.131(log ks) - 0.018(C) + 0.015(PL) 

n = 1.532 + 0.026(Oc) - 0.011(wopt) 
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where ks is the saturated hydraulic conductivity in cm/s, γd is the dry unit weight in 

kN/m3, Si is the initial saturation (percent), LL is the liquid limit, wc is the 

compaction water content (percent), α is in kPa-1, C is the 2 µm clay content 

(percent), PL is the plastic limit, n is dimensionless, Oc is the organic matter 

content (percent), and wopt is optimum water content (percent). The trends between 

the hydrologic properties and the physical and index properties in the PTFs are 

generally consistent with those in the graphical analysis. The exceptions are the 

trends between ks and Si and n and wopt. Reasons for these differences are not 

evident. 

Analysis of the PTFs from the literature showed that none predicted ks, α, 

and n accurately. For some of the PTFs, no apparent relationship exists between 

the predicted and measured hydrologic properties. The poor predictive capability of 

these PTFs is attributed to differences between engineered fill soils used for 

alternative covers and the natural, agricultural, or manufactured soils that form the 

basis of the PTFs in the literature. Better predictions were obtained from the PTFs 

developed in this study, but the predictions made with these PTFs also are not 

particularly accurate. Thus, the existing PTFs, including those developed in this 

study, do not appear to be a viable surrogate for material testing. 
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SECTION ONE 

INTRODUCTION 

 

 Hydrologic properties of soils play an important role in quantifying the 

movement of water in landfill covers, and the vadose zone in general. The most 

common hydrologic properties that are required are the saturated hydraulic 

conductivity, the hydraulic conductivity-water content function, and the matric 

suction-water content relationship, referred to herein as the soil water characteristic 

curve (SWCC).  

  Measuring the hydraulic properties, and the SWCC in particular, is a labor-

intensive and time-inefficient task. Depending on the texture of the soil, a single 

SWCC test can take four or more weeks. In addition, hydrologic properties can be 

expensive to measure due to the complexity of the apparatus and the time required 

to complete the tests. As an alternative, investigators have attempted to relate 

hydrologic properties to index properties (e.g., particle size characteristics, 

mineralogy, etc.) and physical properties (density, compaction water content, etc.). 

Numerous studies of this type have been conducted, and most have focused on 

agricultural soils or naturally sedimented soils (Rawls and Brakensiek 1985, Rawls 

et al. 1992, Schaap et al. 1997). This study is similar, but the focus was on 

engineered fill soils used for landfill covers. 

The primary objective of this study was to understand how the saturated and 

unsaturated hydrologic properties of a large set of soils from landfill covers are 



 

 

2

 

related to index and physical properties such as particle size, plasticity, organic 

matter content, and density. A secondary objective was to develop simple methods 

for estimating the hydrologic properties of cover soils using index properties. To 

meet these objectives, a database of hydrologic properties was created in this 

study to support the site characterization efforts for the Alternative Cover 

Assessment Program (ACAP). Samples from ten ACAP sites were tested to 

determine their index properties, saturated hydraulic conductivity, and soil water 

characteristic curve. Statistical analyses were conducted to define empirical 

equations relating hydrologic, physical, and index properties.  

 Principles regarding hydrologic properties of soils and a description of ACAP 

are presented in Section 2. A description of the soils and the tests that were 

conducted is in Section 3. Relationships between hydrologic properties, index 

properties, and physical properties are described in Section 4. Section 5 provides a 

summary and conclusion.  
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SECTION TWO 

BACKGROUND 

 

2.1 ALTERNATIVE COVER ASSESSMENT PROGRAM (ACAP) 

 Regulatory agencies in the United States generally require that a resistive 

layer (compacted clay or geomembrane) be used to close a landfill or to cap an 

uncontrolled waste site. For most rural landfills, conventional resistive covers can 

be costly. In addition, conventional resistive covers that rely primarily on a clay 

barrier layer are prone to failure as a result of desiccation cracking, frost action, 

and biota intrusion. Consequently, lower cost alternative cover designs are being 

proposed that do not rely on a barrier layer. These alternative covers store 

infiltrating water during periods of low evapotranspiration, and then return the water 

to the atmosphere during periods of higher evapotranspiration. In semi-arid to arid 

regions, alternative covers employing these principles can be as effective in limiting 

percolation as conventional resistive covers (Benson et al. 2002a).  

 USEPA’s Alternative Cover Assessment Program (ACAP) is being 

conducted to assess the effectiveness of alternative covers (Albright and Benson 

2002). ACAP was established to provide data to support the development of 

guidelines for alternative hydrologic cover designs throughout the United States, 

and to facilitate development of improved hydrologic cover models that can be 

used by designers and regulators (Bolen et al. 2001). The key component of ACAP 

is large-scale test sections simulating final covers. The locations of these test 
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sections are shown in Fig. 2.1. Information about each of the sites can be found in 

Appendix A and in Bolen et al. (2001). 

A large-scale lysimeter was constructed in each ACAP test section using a 

geomembrane and a geocomposite drain (Benson et al. 2001). Each lysimeter had 

an areal extent of 10 m by 20 m (Fig 2.2.). The lysimeter was constructed from 

several geomembrane panels that were welded together to form a box (Fig 2.3). 

The lysimeter is used for measuring percolation, as well as other hydrological 

processes such as surface runoff, lateral flow, matric potential, and soil water 

content. Disturbed and undisturbed soil samples were collected during construction 

to determine the physical and hydraulic properties of the soils. A description of the 

sampling that was conducted is in Bolen et al. (2001). These samples were tested 

as part of this study. 

 

2.2 EQUATIONS DESCRIBING THE SWCC 

A SWCC describes the relationship between suction and water content (Fig. 

2.4). The water content can be gravimetric or volumetric, but the latter is more 

commonly used. The SWCC is normally defined as a set of combinations of water 

content and suction measured in the laboratory or field. Empirical equations are 

often fit to the data to provide a functional relationship between suction and water 

content, and to permit a convenient description of the SWCC in terms of a set of 

parameters. Two of the most commonly used SWCC equations are the van 

Genuchten (1980) and Brooks and Corey (1966) equations. 

van Genuchten’s equation is a continuous function: 
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Fig. 2.2.  Schematic of ACAP test section and lysimeter: (a) plan view and (b)       
.cross-section (adapted from Bolen et al. 2001). 
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Fig. 2.3. Photograph of lysimeter constructed with LLDPE geomembrane at ACAP 

Site in Cedar Rapids, Iowa. Base is covered with geocomposite drain 
used to collect percolation from base of the cover (adapted .from Roesler 
2002). 
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Fig. 2.4.  Typical SWCCs for desorption and sorption (adapted from Tinjum et al. 

1997). 
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where � is the volumetric water content, �r is the residual water content,��s is the 

saturated water content, � is the suction, �, n, and m are fitting parameters, and � 

is the effective saturation. In most applications m is set equal to 1-1/n.  

 The parameters � and n affect the shape of the SWCC represented by Eq. 

2.1 (Fig 2.5). These parameters reflect the pore size distribution in the soil, as well 

as the affinity of the soil solids for water; � is a measure of the largest pore size, 

whereas n is a measure of the distribution of pore sizes. Finer-textured soils such 

as clays have lower � due to their small pores and adsorption to clay mineral 

surfaces. Coarse-textured soils have higher � because of their larger pores. The 

slope of the SWCC is controlled by n. Higher n corresponds to a shallower slope, 

and more uniformly distributed pore sizes (Fredlund and Rahardjo 1993). Coarse- 

textured soils often have larger n than fine-textured soils. 

The Brooks-Corey equation (Brooks and Corey 1966) is: 
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Fig. 2.5.  SWCCs defined by the van Genuchten equation (adapted from Tinjum et 
al. 1997). 
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where �a is the air entry suction and � is the pore size distribution index. The 

effects of �a and � on the shape of the SWCC are shown in Fig. 2.6. The air entry 

suction represents the suction required to introduce air into the soil, and is an 

indication of the largest pore size in the soil. The parameter � represents the 

distribution of the pore sizes in the soil. Soils with finer pores typically have greater 

�a, and soils with a broader range of pore sizes have smaller � (Corey 1994). 

Because the Brooks-Corey and van Genuchten equations can be used to fit 

the same data, their parameters are interrelated. van Genuchten’s n and the 

Brooks and Corey’s � control the slope of SWCC, whereas �a and � define the 

break point of the SWCC near saturation. Lenhard et al. (1996) developed a 

relationship between the van Genuchten and Brooks-Corey parameters. This 

relationship is:  

 

)( 1n
n

0.51)(1n �����     (2.3) 

 

� �
n
1

n1
n

n

1
n

a 10.35e0.720.35e0.72 4
4

�
�

�
�
�

�
��

�
�

	
 ��
�� )(   (2.4) 

 

Eqs. 2.3 and 2.4 show that � and n are proportional, whereas �a and � are 

inversely proportional.  
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Fig. 2.6.  SWCCs defined by the Brooks and Corey equation (adapted from Tinjum 
et al. 1997). 
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2.3 STUDIES ON PEDOTRANSFER FUNCTIONS 

An alternative to direct measurement of hydraulic properties is to estimate 

them using theoretical or empirical models referred to as pedotransfer functions 

(PTFs). PTFs provide functional relationships between saturated hydraulic 

conductivity and/or parameters describing the SWCC and properties of the soil, 

such as particle size characteristics, organic matter content, and dry unit weight. 

Several common PTFs are reviewed in this section. 

 

2.3.1 Tinjum et al. (1997) 

 Tinjum et al. (1997) measured the SWCCs of four densely compacted clays 

used as hydraulic barriers and described how the van Genuchten and Brooks-

Corey parameters of these soils are related to compaction conditions and index 

properties. Dry unit weight, compaction water content, compactive effort (standard 

Proctor versus modified Proctor), and plasticity were the major independent 

variables in their study. They found that � and n were not related to dry unit weight, 

but were sensitive to compaction water content. Soils compacted wet of optimum 

water content or at higher compactive effort had lower � (higher air entry suction). 

More plastic clays also had lower �. van Genuchten’s n was lower for compaction 

wet of optimum water content, and for clays with higher plasticity. 

Pedotransfer functions were developed to predict � and n using stepwise 

regression following methods described in Benson et al. (1994). These PTFs are:  

 

       log � = -1.127 - 0.017PI - 0.092(w - wopt) - 0.263C        (2.5) 
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  n = 1.060 + 0.002PI - 0.0005(w - wopt)                             (2.6) 

 

where PI is the plasticity index (whole number form), w is the compaction water 

content (%), wopt is optimum water content (%), and C is a categorical variable for 

compactive effort (C=1 for modified Proctor and C=-1 for standard Proctor). Eq. 2.5 

yields � in kPa-1. Eqs. 2.5 and 2.6 were developed based on a database of densely 

compacted clays with liquid limits between 27 and 67, and plasticity indices 

between 14 and 46. 

 

2.3.1 Rawls et al. (1992) 

 Rawls et al. (1992) developed PTFs for saturated hydraulic conductivity and 

the Brooks-Corey parameters based on an extensive database that includes 

percent sand, percent clay, organic content, porosity, and measured water 

contents corresponding to suctions of 33 kPa and 1500 kPa. The PTF for �a 

described in Rawls et al. (1992) was corrected per personal communication with 

Walter Rawls on December 16, 2002. The PTFs are: 

 

�a =  exp[5.340 + 0.185 C - 2.484 ��- 0.002 C2 - 0.044 S����0.617 C� 

+ 0.001 S2
�

2 - 0.009 C2
�

2 - 0.00001 S2C + 0.009 C2
� - 0.0007 S2

� 

+ 0.000005 C2S + 0.500 �2C]         (2.7) �

�

�
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��	� exp[-0.784 + 0.018 S - 1.062 ��- 0.00005 S2 - 0.003 C2
�
�1.111 �2 

- 0.031 S� + 0.0003 S2
�

2 - 0.006 C2
�

2 - 0.000002 S2C + 0.008 C2
� 

- 0.007 �2C]               (2.8) 

 

�r = -0.018 + 0.0009 S + 0.005 C + 0.029 � - 0.0002 C2 - 0.001 S�   

- 0.0002 C2
�

2 + 0.0003 C2
��- 0.002 �2C                   (2.9) 

 

ks = exp[19.523 ��- 8.968 - 0.028 C + 0.0002 S2 - 0.009 C2 - 8.395 �2  

 + 0.078 S� - 0.003 S2
�

2 - 0.019 C2
�

2 + 0.00002 S2C + 0.027 C2
� 

 + 0.001 S2
� - 0.000004 C2S]          (2.10)�

 

where �a has units of cm-1, ks is in cm/hr, �r is in decimal form, C is percent clay 

(5%<C<60%), S is percent sand (5%<S<70%), and � is porosity in decimal form. 

Particle size definitions in the USDA system were used. Eqs. 2.7-2.10 are valid for 

the range of sand and clay contents noted in parentheses.  

 

2.3.3 Mayr et al. (1997) 

Mayr et al. (1997) used the Arya-Paris model (see Sec. 2.3.4) to derive 

PTFs for the van Genuchten fitting parameters. Data from 1332 soil horizons were 

used to develop the following PTFs: 

 

� = -0.0192 + 0.0845C-0.4 + 0.1255Z-0.4 + 0.000069S1.4 + 0.0057�b    (2.11) 
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n = 1.082+ 0.2684C-0.4 + 0.9230Z-1.6 +1.6x10-9S1.4  

      + 0.102(�bCorg/C)0.2                (2.12) 

 

where C is 2 �m clay content (%), Z is silt content (%), S is sand content (%), �b is 

bulk density (g/cm3), and Corg is the organic carbon content (%). The silt and sand 

sizes in Eqs. 2.10-2.11 correspond to the sizes defined in the USDA textural 

classification system. Mayr et al. (1997) did not specify appropriate ranges for the 

input parameters of Eqs. 2.11 and 2.12. 

 

2.3.4 Arya et al. (1997) 

 Arya et al. (1997) describe a method to estimate the SWCC from the particle 

size distribution using the Arya-Paris model (Arya and Paris 1981). The method is 

based on scaling the pore lengths in an idealized packing of spherical particles to 

that represented in the actual soil (Fig. 2.7). A scaling parameter  is used to define 

the relationship between the total pore length in the idealized packing to that in the 

actual soil: 

 

���������������������i = log(Ni)/log(�i)                 (2.13) 

 

where �i is the number of spherical particles in the idealized packing and Ni is the 

number of spherical particles required to trace the pore length in the corresponding 

natural-structure soil.  
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Fig. 2.7.  An illustration of the method used in the Arya-Paris model to scale the 

pore length in an ideal matrix made up of cubic close-packed spherical 
particles to that in a natural-structure soil (adapted from Arya et al. 
1997). 

Total pore length = �i (2Ri) Total pore length = �i
� (2Ri) 

Let �i
� = Ni;   then,   � = log Ni/log �i 
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To obtain a series of combinations of suction and water content, the particle 

size distribution of the soil is divided into i fractions. Separate calculations are 

carried out for each fraction. The key part of the model is calculating the scaling 

parameter . For this, �i is calculated first using: 

 

3
is

i
i R

3w
��

��
4

                  (2.14) 

 

where wi is weight of the ith particle size fraction, �s is density of solids, and Ri is 

mean particle radius for the ith particle-size fraction.  

  Empirical relationships between �i and Ni reported in Arya et al. (1997) for 

five classes of soil are shown in Fig. 2.8. The parameter i is then obtained using 

Eq. 2.13. 

Suctions for each particle size fraction are computed using the collection of 

i: 

 

  
� �i

ii

i
eR

0.18
��

�

��
1

                                   (2.15) 

  

where e is void ratio. The ith water content is computed as: 

 

                    �
�

�

���

ij

1j
jsi w          i=1,2,…,n    (2.16) 
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Fig. 2.8.  Smooth curves showing the relationship between log Ni and log �i for five 
..soil classes (adapted from Arya et al. 1997). 
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where �s is the saturated water content and wj is the jth weight fraction of the soil 

solids. 

 

2.3.5 Schaap et al. (1997) 

Schaap et al. (1997) developed an artificial neural network to predict the van 

Genuchten � and n parameters from index properties. Data from 1209 soil samples 

from 30 sources in the United States were used. A feed-forward back-propagation 

type of neural network was developed. The algorithm is depicted in Fig 2.9. This 

type of neural network consists of input, hidden, and an output layers connected to 

each other through nodes. Each input layer node (j=1…J) carries an input variable 

(x=x1…xj) and is connected to the hidden layer node (k=1…K) by means of weights 

(wjk). At the hidden nodes, the input values and weights are multiplied and 

summed: 

 

�
�

�

J

0j
jjkk )x(wS                      (2.17) 

 

The result of Eq. 2.17 is an input to a sigmoid function, which gives the hidden 

node output Hk: 

 

           
kSk e1

1H
�

�

�       (2.18) 
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Fig. 2.9.  Algorithm of a feed-forward neural network (adapted from Schaap et al.   
1997).  
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The hidden node outputs are multiplied by new weights, wkl, and outputs are 

obtained. Sampling was carried out by the bootstrap method. The bootstrap 

method consists of repeated resampling from a dataset by replacing the original 

dataset of size M to obtain N alternative datasets of size M (Fig. 2.10). 

The neural network method was used to predict SWCC parameters for a 

large set of soil samples. To check the most favorable input variables, various 

groups of inputs were tested, including USDA sand content, USDA silt content, 

USDA clay content, bulk density, and water contents at 33 kPa and 1500 kPa 

suctions.  

 The software package ROSETTA was developed to implement the neural 

network and to display predictions (Fig. 2.11). The applicability of ROSETTA is 

based on the ranges of the parameters of the database used to train the neural 

network.  

 

2.3.6 Mbonimpa et al. (2002) 

 Mbonimpa et al. (2002) developed two PTFs for ks; one for granular (i.e., low 

plasticity and low cohesion) soils, another for fine textured, plastic and cohesive 

soils.  The equations account for three major factors that affect flow: fluid 

properties,  pore characteristics, and particle surface effects. 

The PTF for granular soils was developed using the saturated hydraulic 

conductivity of 212 specimens. Most of the specimens were hard rock mine 

tailings. Other materials in the dataset include sands, silts, tailings mixed with 

bentonite, clean glass beads, and uniform sands. The dataset used to derive the
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Fig. 2.10.  Schematic overview of the bootstrap method (adapted from Schaap et 
al. 1997). 
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Fig. 2.11. Two interfaces from the ROSETTA neural network software: input and 
model selection window with predicted output (top), covariance and 
correlation matrix results (bottom) (adapted from Schaap et al. 1997). 
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PTF for plastic and cohesive soils includes 342 soils, and is predominantly 

comprised of silts and sands mixed with bentonite. Kaolin, natural clays, and 

various soils from different geographic locations constitute the rest of the dataset. 

The PTF for granular soils is: 

 

    2
10

1/3
u

x3

w

w
gs DC

e1
e

µ
γCk

�

�

�

                    (2.19) 

 

where ks is in cm/s, Cg (=0.1) and x (=2) are constants, �w is the unit weight of 

water in kN/m3, �w is the dynamic viscosity of water in Pa-s, e is the void ratio in 

decimal form, Cu is the coefficient of uniformity, and D10 is the effective diameter in 

cm (10% passing on the cumulative particle size distribution curve). Eq. 2.19 

applies to soils having the following characteristics: 4x10-8 cm/s<ks<3.0x10+2 cm/s, 

0.35<e<1.27, 1<Cu<227, 4x10-6 cm<D10<1.5 cm, and liquid limit (LL)<20. 

 The PTF for plastic, cohesive soils is: 

 

�

���

���
� 2

L

x3

ww

22
s

p
*

s e)e(1
eGCk                                     (2.20) 

 

where ks is in cm/s, C*
p is a constant (=5.4x10-10 g2/m2/s4), Gs is the specific gravity 

of solids, �w is in kN/m3, and �w is in Pa-s. The parameter �=1.5. The parameters eL 

and x are calculated as follows: 
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eL = 0.01(LL)(Gs)                        (2.21) 

x = (7.7LL-0.15) - 3                      (2.22) 

 

where LL is liquid limit. Eq. 2.20 was developed for soils with properties in the 

following ranges: 2.5x10-11 cm/s<ks<3.8x10-6 cm/s, 0.29<e<5.96, 2.61<Gs<2.87, 

and 20<LL<495. 
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SECTION THREE 

MATERIALS AND METHODS 

 

3.1 SOIL SOURCES AND SAMPLING 

Soil samples for the study were obtained from test sections constructed at 

the ten ACAP sites (Fig 2.1). The samples were placed into thirty-two groups 

corresponding to layers in the test sections having similar texture. A summary of 

the characteristics of each group is in Table 3.1. The correspondence between the 

groups and the layers in the test sections is in Appendix A. 

Undisturbed and disturbed samples were tested. Samples of fine-textured 

cohesive soils were undisturbed, and were collected using 75-mm-diameter thin-

wall sampling tubes following ASTM D 1587 and as 200-mm-diameter blocks 

following the method described in Benson et al. (1995) (Fig. 3.1). Samples of 

coarse-textured cohesionless soils were disturbed, and were collected as grab 

samples in buckets. Disturbed samples of all soils were collected for index testing.  

One hundred eighty samples were tested for hydraulic properties. Ninety-

nine of these samples were collected in thin-wall sampling tubes, 77 samples were 

collected as blocks, and 11 samples were collected as grab samples. Fine-textured 

samples constitute 94% of the samples; sands and gravels comprise 6% of the 

samples. The sampling frequency ranged from 2 to 27 samples per 100 m3-soil. 

The average sampling frequency was 8 samples per 100 m3-soil.  

One hundred eighty disturbed samples were tested for index properties. The
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Table 3.1.  Average index properties of soils used in this study. Numbers in parentheses represent standard deviations. Total number of 
samples in group are shown in brackets.                                                                                                                   . 

                                      

Classification Particle Size Distribution (USCS)         Sampling Frequency (sample/100 m3-
soil) 

USCS USDA Gravel Sand Fines 2 �m Clay �d� w �dmax� wopt Index  Hydraulic Group # Location 

Group Symbol Group Name Class (%) (%) (%) (%) 

LL PL PI 

(kN/m3) (%) (kN/m3) (%) 

LOI (%)

Properties Properties 

1 Sacramento, SC clayey sand with gavel loam 30.6 28.1 41.4 16.3 31.5 14.0 17.5 10.5 15.3 16.3 18.0 0.4 4 2 

  CA       (7.6) (2.8) (4.7) (2.2) (0.7) (0.0) (0.7) (0.3) (0.1) (0.4) (0.2) (0.0) [4] [2] 

2 Sacramento, CL lean clay with sand silt loam 2.1 19.2 78.8 20.4 39.8 17.7 22.2 23.5 14.7 22.8 15.8 1.0 4 4 

  CA       (2.1) (7.8) (8.8) (4.1) (3.2) (1.5) (2.7) (4.1) (0.7) (2.1) (0.3) (0.0) [12] [12] 

3 Sacramento, CL sandy lean clay clay loam 16.6 29.6 53.8 22.2 34.0 14.2 19.8 11.7 15.6 15.2 17.9 0.4 9 9 

  CA       (4.6) (1.9) (2.7) (1.2) (0.0) (0.4) (0.4) (8.2) (0.2) (0.4) (0.2) (0.0) [5] [5] 

4 Helena, SC clayey sand with gravel sandy loam 21.7 51.0 27.4 10.7 31.5 17.0 14.5 6.3 15.8 11.3 19.3 0.8 13 7 

  MT       (0.6) (1.2) (0.6) (0.3) (0.7) (1.4) (0.7) (1.9) (0.0) (1.1) (1.1) (0.0) [4] [2] 

5 Helena, CH sandy fat clay sandy clay loam 2.0 53.0 45.0 29.9 65.8 19.9 45.8 25.7 14.0 22.6 15.4 0.8 7 7 

  MT       (1.0) (3.2) (3.8) (3.0) (8.6) (2.1) (7.1) (9.6) (0.9) (2.2) (0.3) (0.0) [13] [13] 

6 Polson, ML-NP lean clay silt loam 4.0 52.9 43.1 5.4 29.0 22.0 7.0 8.6 15.3 14.4 17.0 1.9 13 13 

  MT       (1.7) (2.6) (1.6) (0.5) (0.0) (0.0) (0.0) (1.0) (0.2) (0.9) (0.2) (0.0) [4] [4] 

7 Polson, ML-NP clayey sand silt loam 5.4 53.7 40.9 5.8 29.0 22.0 7.0 12.3 16.2 13.3 17.2 1.0 4 4 

  MT       (1.7) (2.2) (0.9) (0.5) (0.0) (0.0) (0.0) (8.1) (1.2) (0.6) (0.3) (0.0) [4] [4] 

8 Polson, ML silty clay silt loam 0.9 8.2 90.9 16.8 27.3 20.9 6.4 16.5 16.1 18.5 16.5 0.3 9 9 

  MT       (0.4) (2.1) (2.3) (1.5) (1.6) (0.6) (1.2) (5.8) (1.7) (2.2) (0.3) (0.0) [8] [8] 

9 Polson, ML-NP clayey sand sandy loam 7.4 51.4 41.3 4.1 27.0 20.0 7.0 10.8 15.5 15.3 16.7 7.4 13 13 

  MT       (3.3) (1.6) (3.1) (0.6) (0.0) (0.0) (0.0) (1.4) (0.2) (0.7) (0.2) (0.0) [4] [4] 

10 Polson, ML lean clay silt loam 0.8 6.0 93.2 18.1 28.7 21.4 7.3 17.4 15.1 19.0 16.4 2.1 9 9 

  MT       (0.3) (2.1) (2.2) (1.6) (1.4) (1.1) (0.8) (7.3) (1.2) (1.6) (0.3) (0.0) [7] [7] 

11 Polson, ML-NP clayey sand sandy loam 4.9 50.5 44.6 5.7 27.0 20.0 7.0 12.3 16.4 13.5 17.5 1.0 3 7 

  MT       (2.8) (1.4) (2.4) (0.2) (0.0) (0.0) (0.0) (7.0) (1.7) (0.2) (0.2) (0.0) [4] [8] 

                   

USCS gravel (>4.75 mm), USCS sand (4.75-0.075 mm), PI=Plasticity Index, LL= Liquid Index, PL= Plastic Limit, �d= dry unit weight, w= water content, �dmax= standard Proctor maximum dry unit weight 

wopt= standard Proctor optimum water content, LOI= Loss on Ignition (organic matter content), numbers in parentheses are standard deviations 
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Table 3.1.  Average index properties of soils used in this study. Numbers in parentheses represent standard deviations. Total number of 
samples in group are shown in brackets (continued).                                                                                                . 

                                      

Classification Particle Size Distribution (USCS)         Sampling Frequency (sample/100 m3-soil) 

USCS USDA Gravel Sand Fines 2 �m Clay �d� w �dmax� wopt Index  Hydraulic Group  # Location 

Group Symbol Group Name Class (%) (%) (%) (%) 

LL PL PI 

(kN/m3) (%) (kN/m3) (%) 

LOI (%)

Properties Properties 

12 Albany, SC clayey sand sandy loam 5.0 68.0 25.0 18.7 26.0 14.5 11.5 15.6 16.8 13.9 18.6 6.9 13 13 

  GA       (2.1) (7.8) (3.1) (1.5) (2.8) (0.7) (2.1) (1.7) (1.4) (0.1) (0.1) (0.0) [2] [2] 

13 Albany, SC clayey sand sandy clay loam 8.4 63.4 30.8 23.2 27.8 14.4 13.4 16.0 16.8 15.7 18.1 2.1 7 10 

  GA       (1.2) (1.3) (0.7) (1.5) (0.8) (0.5) (0.9) (2.1) (0.7) (0.1) (0.0) (0.0) [3] [5] 

14 Albany, SC clayey sand sandy clay loam 4.4 60.1 36.2 31.3 27.5 14.5 13.0 19.3 16.6 14.6 18.3 2.1 13 13 

  GA       (0.2) (2.3) (2.5) (2.9) (0.7) (0.7) (1.4) (1.4) (1.2) (0.3) (0.1) (0.0) [2] [2] 

15 Albany, SC clayey sand sandy clay loam 9.8 61.9 32.5 24.6 26.5 15.5 11.0 21.8 15.7 19.0 16.1 6.9 7 7 

  GA       (3.3) (2.9) (1.4) (1.2) (2.1) (2.1) (3.6) (6.7) (0.6) (1.2) (0.3) (0.0) [4] [4] 

16 Albany, SC-SM silty clayey sand sandy clay loam 4.8 67.7 31.5 23.2 25.8 16.3 9.5 16.8 17.2 13.5 18.6 1.7 6 6 

  GA       (3.4) (7.3) (4.0) (3.0) (4.2) (1.9) (4.7) (2.6) (1.1) (1.1) (0.2) (0.0) [4] [4] 

17 Albany, SC clayey sand sandy clay loam 9.2 60.8 36.3 24.0 24.0 14.0 10.0 19.3 16.5 14.5 18.2 1.7 13 13 

  GA       (2.7) (4.2) (2.7) (2.5) (1.4) (1.4) (2.8) (0.4) (1.1) (0.0) (0.0) (0.0) [2] [2] 

18 Omaha, CL lean clay silty clay loam 0.0 3.4 96.6 36.4 46.8 17.0 29.8 25.7 14.0 22.0 15.8 2.5 27 27 

  NE       (0.0) (1.0) (1.0) (1.3) (0.5) (2.0) (1.5) (6.0) (0.6) (0.1) (0.2) (0.0) [4] [4] 

19 Omaha, CL lean clay silty clay loam 0.0 0.9 99.2 31.4 44.0 17.0 27.0 16.7 14.8 19.3 16.5 2.6 13 13 

  NE       (0.0) (0.1) (0.1) (1.7) (1.2) (2.3) (1.2) (3.2) (0.6) (0.3) (0.1) (0.0) [4] [4] 

20 Omaha, SP poorly-graded sand sand 0.0 98.2 1.8 0.2 0.0 0.0 0.0 3.9 15.2 0.0 0.0 0.0 7 5 

  NE       (0.0) (1.3) (1.2) (0.3) (0.0) (0.0) (0.0) (0.1) (0.1) (0.0) (0.0) (0.0) [5] [3] 

21 Omaha, CL lean clay silty clay loam 0.0 1.5 98.5 30.8 40.0 19.5 20.5 20.4 15.1 20.0 16.3 0.9 13 13 

  NE       (0.0) (0.4) (0.4) (1.7) (1.2) (1.0) (1.0) (3.6) (0.6) (1.0) (0.2) (0.0) [4] [4] 

22 Cedar Rapids, CL sandy lean clay sandy clay loam 4.5 47.8 51.8 25.9 34.5 18.3 16.3 20.1 15.6 15.2 17.7 3.9 4 4 

  IA       (2.1) (6.6) (7.3) (3.9) (4.2) (2.0) (4.3) (3.6) (1.1) (1.3) (0.4) (0.0) [8] [8] 

                   

USCS gravel (>4.75 mm), USCS sand (4.75-0.075 mm), PI=Plasticity Index, LL= Liquid Index, PL= Plastic Limit, �d= dry unit weight, w= water content, �dmax= standard Proctor maximum dry unit weight 

wopt= standard Proctor optimum water content, LOI= Loss on Ignition (organic matter content), numbers in parentheses are standard deviations 
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Table 3.1.  Average index properties of soils used in this study. Numbers in parentheses represent standard deviations. Total number of   
samples in group are shown in brackets (continued).                                                                                                . 

                                      

Classification Particle Size Distribution (USCS)         Sampling Frequency (sample/100 m3-
soil) 

USCS USDA Gravel Sand Fines 2 �m Clay �d� w �dmax� wopt Index  Hydraulic Group  # Location 

Group Symbol Group Name Class (%) (%) (%) (%) 

LL PL PI 

(kN/m3) (%) (kN/m3) (%) 

LOI 
(%) 

Properties Properties 

23 Cedar Rapids, CL sandy lean clay sandy clay loam 4.8 52.3 51.1 22.7 28.8 15.4 13.4 15.3 17.2 10.9 19.5 1.2 13 13 

  IA       (2.5) (6.0) (8.1) (4.2) (3.7) (1.3) (3.5) (1.6) (0.7) (0.3) (0.1) (0.0) [8] [8] 

24 Cedar Rapids, CL sandy lean clay sandy clay loam 3.2 50.8 50.6 21.1 31.3 16.7 14.7 14.9 17.4 11.5 19.4 1.1 7 7 

  IA       (0.8) (7.8) (3.4) (4.3) (0.6) (2.3) (2.9) (0.9) (0.7) (0.1) (0.1) (0.0) [3] [3] 

25 Boardman, CL-ML silty clay silt loam 0.2 37.5 86.9 11.2 25.5 18.9 6.5 19.1 14.5 16.2 17.1 1.5 4 4 

  OR       (0.2) (5.9) (7.7) (1.5) (1.4) (0.9) (1.3) (4.7) (1.1) (0.5) (0.1) (0.0) [13] [13] 

26 Boardman, ML silt w/ sand silt loam 0.1 37.6 82.2 10.4 22.3 19.7 2.7 16.4 14.1 15.7 17.4 1.0 7 7 

  OR       (0.0) (4.0) (0.1) (1.2) (0.6) (0.6) (1.2) (7.2) (1.3) (0.2) (0.0) (0.0) [3] [3] 

27 Altamont, CL lean clay silty clay loam 2.5 8.6 91.2 37.0 47.3 26.5 20.8 18.2 16.7 16.1 18.1 3.1 4 4 

  CA       (1.5) (3.3) (1.3) (2.7) (3.8) (2.1) (3.5) (3.8) (0.5) (0.4) (0.0) (0.0) [4] [4] 

28 Altamont, CL lean clay silty clay loam 1.9 12.2 87.5 35.7 45.1 26.1 19.0 17.4 16.2 15.9 18.1 3.2 7 7 

  CA       (2.2) (6.6) (5.6) (1.9) (2.5) (2.8) (1.7) (2.8) (0.4) (0.4) (0.0) (0.0) [7] [7] 

29 Altamont, CL lean clay silty clay 1.5 14.8 86.0 38.3 47.0 25.8 21.3 17.2 15.8 15.7 18.2 1.2 7 7 

  CA       (0.8) (12.8) (11.0) (3.8) (4.1) (2.5) (1.7) (2.5) (0.6) (0.3) (0.1) (0.0) [4] [4] 

30 Monterey, SC clayey sand sandy loam 15.9 55.0 33.5 16.5 29.5 14.5 15.0 16.7 16.7 12.5 18.8 2.1 7 7 

  CA       (2.3) (5.0) (2.1) (3.7) (1.4) (2.0) (2.6) (1.9) (0.9) (0.6) (0.1) (0.0) [11] [11] 

31 Monterey, SP poorly-graded sand sand 0.1 92.2 8.6 4.3 0.0 0.0 0.0 4.9 16.4 0.0 0.0 0.0 4 4 

  CA       (0.1) (1.6) (0.6) (1.2) (0.0) (0.0) (0.0) (0.7) (0.5) (0.0) (0.0) (0.0) [8] [8] 

32 Monticello, CL lean clay with sand clay loam 2.9 22.3 74.8 25.8 31.5 14.5 17.0 12.3 15.1 15.2 17.7 1.5 4 4 

  UT       (1.9) (2.5) (3.7) (1.8) (1.4) (1.6) (2.4) (3.1) (0.9) (0.7) (0.3) (0.0) [8] [8] 

                   

USCS gravel (>4.75 mm), USCS sand (4.75-0.075 mm), PI=Plasticity Index, LL= Liquid Index, PL= Plastic Limit, �d= dry unit weight, w= water content, �dmax= standard Proctor maximum dry unit weight 

wopt= standard Proctor optimum water content, LOI= Loss on Ignition (organic matter content), numbers in parentheses are standard deviations 
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(a) 
 

 
 

(b) 
 

Fig. 3.1.  Collecting an undisturbed block sample in the field (a), and photograph of 
.a thin-wall sampling tube used to collect samples in the field (b).     
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sampling frequency for index testing ranged between 3 and 27 samples per 100m3-

soil, and averaged 9 samples per 100 m3-soil. 

A sample identification number (ID) was assigned to each sample. Each ID 

consists of a series of letters and numbers that describe the site location, test 

section number, lift number, and sample number. A typical identification number is 

DC1-L1-S1-05. The first set of digits describes the site and the test section location 

and number  (e.g., DC1 refers to Test Section No. 1 at Douglas County Recycling 

and Disposal Facility in Omaha, Nebraska) and the second set of digits refers to 

the lift number (e.g., L1 refers to Lift No. 1). Lifts are numbered from bottom to top, 

with the lowest lift numbered 1. The third set of digits describes the type of sampler 

and the number of the sample collected using the specified sampler (e.g. B1 is the 

first sample from a lift collected by block sampling). The last two digits refer to the 

sample number for a specific site (e.g., 08 is the eighth sample collected from the 

site). 

 

3.2 TESTS 

Index, hydraulic conductivity, and SWCC tests were carried out on samples 

from each site. Index tests were conducted on the disturbed samples. Saturated 

hydraulic conductivity and SWCC tests were conducted on specimens trimmed 

from the undisturbed samples of the fine-textured soils and on re-constituted 

specimens prepared from the disturbed samples of coarse-textured cohesionless 

soils. The re-constituted specimens were prepared at the unit weight in the field 

that was measured during construction (Bolen et al. 2001). The saturated hydraulic 



 33

 
 

conductivity tests were conducted first. Specimens from the saturated hydraulic 

conductivity tests were trimmed to create specimens for the SWCC tests.   

The results of these tests are contained in a series of reports published by 

ACAP. A listing of these reports is in Appendix B. Many of these reports were 

prepared in electronic format, and are contained on the CD in Appendix C. 

 

3.2.1 Index Properties 

Particle size distribution (PSD) curves were obtained using methods 

described in ASTM D 422. These curves were used to classify the soils according 

to the Unified Soil Classification System (USCS) and the United States Department 

of Agriculture (USDA) classification system. The USCS classification system is 

based on particle sizes as well as plasticity characteristics (ASTM D 2487), 

whereas the USDA classification system is based only on particle size and 

excludes particles larger than 2 mm. The following particle size definitions are used 

in the USCS: gravel (>4.75 mm), sand (0.075-4.75 mm), and fines (<0.075 mm). In 

the USDA textural classification system, the particle sizes are sand (2.00-0.05 

mm), silt (0.05-0.002 mm), and clay (<0.002 mm).  

The liquid limit (LL), plastic limit (PL), and plasticity index (PI) were 

determined using ASTM D 4318. Specific gravity of solids was measured in 

accordance with ASTM D 854 and the organic matter content was determined by 

loss on ignition (ASTM D 2974). Compaction characteristics were determined for 

standard Proctor energy using ASTM D 698.  
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3.2.2 Saturated Hydraulic Conductivity  

 Saturated hydraulic conductivity tests were conducted in flexible-wall 

permeameters following the methods in ASTM D 5084 and in rigid-wall 

permeameters following the methods in ASTM D 5886. Flexible-wall permeameters 

were used for the undisturbed specimens. Rigid-wall permeameters were used for 

the disturbed specimens. The falling headwater-rising tailwater method was used 

for all tests. 

Specimens trimmed from the block samples were 150 mm in diameter, 

whereas specimens from the thin-wall tubes were 75 mm in diameter (Fig. 3.2). 

Disturbed samples were prepared in the mold for the rigid-wall permeameter (100 

mm diameter and 105 mm height). The height-to-diameter ratio of the undisturbed 

specimens was 1.4 for the specimens from blocks and 0.9 for the specimens from 

tubes. 

An effective stress of 30-40 kPa was applied when testing the block 

specimens, whereas the tube specimens were tested at an effective stress of 10-

15 kPa. The average hydraulic gradient was 10 for the block specimens and 15 for 

the tube specimens. Backpressure (207 kPa) was applied when testing the block 

specimens. No backpressure was applied for the tube specimens. The disturbed 

specimens were tested using a hydraulic gradient of 12 without backpressure or 

effective stress.   

 

 3.2.3 SWCCs 

SWCCs for the fine-textured soils were measured using pressure plate
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Fig. 3.2.  Undisturbed specimens used for SWCC tests: tube (left) and block (right). 
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extractors (PPE) (suction range 0-1.5 MPa) and a chilled mirror hygrometer (CMH) 

(suction range 1-90 MPa) (Gee et al. 1992). A hanging column apparatus was used 

for the coarse-textured soils. The tests were conducted in general accordance with 

ASTM D 6836 “Standard Test Methods for Determination of the Soil Water 

Characteristic Curve for Desorption Using a Hanging Column, Pressure Plate 

Extractor, Chilled Mirror Hygrometer, and/or Centrifuge.” A copy of this newly 

approved standard is in Appendix D. 

 

3.2.3.1 Pressure Plate Extractor (PPE) 

PPEs equipped with ceramic porous plates were used for measuring the 

portion of the SWCC corresponding to suctions between 0 and 1 MPa (Fig. 3.3). 

The porous plates that were used had an air-entry pressure of 1500 kPa. Only 

desorption (drying) SWCCs were measured. 

Test specimens for the SWCC tests were trimmed from the specimens used 

for the saturated hydraulic conductivity tests. A steel ring (73 mm diameter and 25 

mm height) with a sharpened edge was used to trim the specimens in the same 

manner used to trim specimens for consolidation testing. Once in the ring, excess 

soil on the top and bottom of the ring was removed using a spatula. A water 

content measurement was made on a sample of soil left over from trimming. 

Specimens were saturated in the trimming ring. Non-woven geotextiles were 

placed on each face, and then the specimen was clamped between two plastic 

plates containing a number of circular holes that permit flow of water in and out of 

the specimen. This setup was then placed in a chamber filled with de-aired tap
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Fig. 3.3.  Photographs of PPE used to measure SWCCs of fine-textured soils: (a) 

open, and (b) assembled (adapted from Wang and Benson 2002). 
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water along with the porous ceramic plate used in the PPE. A vacuum of 90 kPa 

was applied to the headspace in the chamber for at least 24 hr. Before the ring and 

the porous ceramic plate were removed from chamber, the vacuum was pulsed 

(i.e. the vacuum is released and then elevated to 90 kPa again) to remove any 

remaining air bubbles.  

Saturated specimens were placed into the PPEs and then the PPE was 

bolted together (Fig. 3.3). Air was passed through outflow lines to remove water 

remaining from previous PPE tests. The outflow lines were then saturated with de-

aired water by adding water via the Y-tube (Fig. 3.4), and attached to the PPE. 

Before starting the test the specimen was equilibrated under atmospheric pressure 

conditions (0 kPa) for 48-72 hrs. Equilibrium was assumed to exist when the 

meniscus in the horizontal capillary tube ceased to move for at least 24 hrs at 

atmospheric prerssure. 

Suctions (�) were applied using the axis translation technique (Fredlund and 

Rahardjo 1993) by elevating the air pressure (ua) while maintaining the water 

pressure (uw) at zero. The applied suction using axis translation is: 

 

�����= ua - uw                                                                          (3.1) 

 

The following suctions typically were applied: 0, 1.5, 3, 5.5, 7.0, 15.0, 30.0, 40.0, 

70.0, 140.0, 210.0, 350.0, 520.0, 700.0, 830.0, 1000.0, and 1200.0 kPa. The 
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Fig. 3.4.  Schematic of Pressure Plate Extractor (PPE) (adapted from Wang and Benson 2002). 39
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suction was increased only after the specimen reached equilibrium at the previous 

suction; i.e., the meniscus was no longer moving in the capillary tube for a period of 

at least 12 hrs. At low suctions, 24 - 48 hrs were needed to reach equilibrium, 

whereas at higher suctions 48 - 96 hrs were required to reach equilibrium. 

Volumetric water content corresponding to each suction was calculated by 

measuring the amount of water expelled using the capillary tube shown in Fig. 3.4. 

The volumetric water content corresponding to the ith increment in suction ψi is:  

 

V
∆LA

θθ c
1ii −= −                                             (3.2) 

 

where θi-1 is the volumetric water content corresponding to the previous suction (ψi-

1), ∆L is the distance the meniscus moved in the horizontal capillary tube between 

the two successive suctions, Ac is the cross-sectional area of the capillary tube 

(0.2x10-4 m2), and V is the volume of the specimen.  

 

3.2.3.2 Chilled Mirror Hygrometer 

 A chilled mirror hygrometer (CMH) (Gee et al. 1992) was used to measure 

the portion of the SWCC corresponding to suctions between 1 and 90 MPa. A CMH 

(Fig. 3.5) measures the vapor pressure of the soil gas (pv), which is related to the 

total suction (ψt) by the Kelvin equation (Fredlund and Rahardjo 1993):  
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Fig. 3.5.  Photograph of the CMH used to measure suctions in the range of 1-90 
MPa.  

CMH specimen 

CMH  
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where R is the ideal gas constant (8.314 J/mol-oK), T is absolute temperature (oK), 

Mv is the molar volume of water (m3/mol), pv is the vapor pressure of water in the 

soil gas (kPa), and pvs is the saturated vapor pressure of pure water (kPa) above a 

flat water surface at temperature T (oK). The ratio pv/pvs is known as the water 

activity (Gee et al. 1992). The CMH measures total suction, whereas matric 

suctions are applied in the PPE. Nevertheless, data from the CMH can be 

combined with data from the PPE because the osmotic suction is a small 

component of the total suction when the total suction is high (Wang and Benson 

2002). 

 A number of sub-specimens (38-mm in diameter and 3 to 5-mm in height) 

were trimmed from each PPE specimen for testing in the CMH. The specimens 

were allowed to dry to different water contents, and then were tested in the CMH in 

order of decreasing water content. Once the total suction was reported by the 

CMH, the gravimetric water content of the specimen was measured. The 

gravimetric water content was later converted to volumetric water content using the 

dry unit weight of the specimen. 

 The combinations of volumetric water content and suction obtained using 

the CMH were combined with the combinations of volumetric water content and 

suctions measured with the PPE to create a SWCC. An example of a typical 

SWCC obtained with this method is shown in Sec. 3.2.3.4. 
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3.2.3.3 Hanging Column  

A hanging column was used to measure SWCCs for the coarse-textured 

soils with little fines. The method described in ASTM D 6836 was followed (see 

Appendix D). Specimens for the hanging column tests were prepared in the glass 

funnel used in the hanging column apparatus. Dry soil was placed in the funnel and 

then tamped until the unit weight measured in the field was obtained. Typically 150-

170 g of dry soil was used to prepare a specimen. 

The specimens were saturated by slow inundation. Excess water on the top 

of the specimen was removed with a syringe. The volume of water added during 

inundation and the volume of water removed with the syringe were measured. The 

initial volumetric water content was then calculated using the net volume of water 

that was added to the soil. 

The hanging column method is similar to the PPE method, in that water is 

expelled by applying a suction. However, in the hanging column apparatus, suction 

(�) is applied at the bottom of the specimen by applying vacuum to the pore water 

using two offset reservoirs (Fig. 3.6). The pore air pressure is maintained at 

atmospheric conditions. In addition, the specimen is contained in a glass funnel 

equipped with a ceramic plate at the base (a Büchner funnel). The ceramic plates 

that were used had an air-entry pressure of 500 kPa. 

The hanging column test is initiated at zero suction with a saturated 

specimen. Water contents corresponding to various suctions are then measured by 

increasing the suction incrementally, and measuring the outflow in a horizontal
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Fig. 3.6.  Schematic of hanging column setup (adapted from Wang and Benson 2002). 44
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capillary tube (Fig 3.6) using the same procedure followed for the PPE. The 

following suctions typically were applied: 0, 0.003, 0.006, 0.01, 0.02, 0.04, 0.06, 

0.1, 0.2, 0.3, 0.5, 0.8, 1.2, 1.6, and 2.0 m-water. The suction was elevated only 

after the meniscus in the capillary tube ceased moving for at least 12 hrs. 

Equilibrium times of 12-24 hrs were required at low suctions, whereas several days 

were required at higher suctions. Volumetric water contents were calculated using 

Eq. 3.2. 

 

3.2.3.4 Parameterization   

 van Genuchten’s equation (Eq. 2.1) was fit to each SWCC using a least-

squares minimization technique. Constraints were applied in some cases to obtain 

a reasonable fit. Residual volumetric water content (θr) typically was set equal to 

zero for fine-textured soils based on the recommendations in Tinjum et al. (1997), 

but was not constrained for coarse-textured soils. Saturated volumetric water 

content (θsat) was set equal to the porosity. The parameter α was required to be 

greater than 0.0 and n was required to be greater than 1.0. The parameter m was 

set equal to 1-1/n so that the parameters α and n could be used for estimating the 

unsaturated hydraulic conductivity, as described in van Genuchten (1980). A 

typical fit of the van Genuchten equation obtained using this procedure is shown in 

Fig. 3.7. 
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Fig. 3.7.  A typical SWCC measured with a PPE and CMH along with van 

Genuchten’s function fit by least squares minimization. 

�sat = 0.36 
�r    = 0.00 
�     = 0.01473 kPa-1 

n     = 1.36 
m    = 0.27 

Boardman silt  
Sample ID: FB1-L3-B1-47 
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SECTION FOUR 

RESULTS 

 
4.1 CHARACTERIZATION OF SOILS 

 All of the soils used in this study are natural soils that were compacted to 

site-specific conditions. A database containing the properties of the soils is on the 

CD in Appendix E.    

The soils fall into eight USDA classes (Fig. 4.1): sand (S), sandy loam (SL), 

loam (L), silt loam (SiL), silty clay loam (SiCL), clay loam (CL), silty clay (SiC), and 

sandy clay loam (SCL). In the USCS, the soils fall into nine groups: GC, SP, SC-

SM, SC, ML-NP, ML, CL-ML, CL, and CH. The group symbol ML-NP is not defined 

in the USCS, but is used here to separate plastic and non-plastic silty soils. 

Plasticity characteristics of the finer textured soils, defined in terms of the Atterberg 

limits, are shown in Fig. 4.2.  

 A summary of the hydraulic properties of the soils is shown in Table 4.1. 

Hydrologic properties of 180 samples were measured.  The soils are categorized 

into 32 different groups, with each group consisting of soil from an ACAP test 

section having similar texture. The hydraulic properties vary significantly from 

group to group. The geometric mean saturated hydraulic conductivities (ks) of the 

groups range between 4.0x10-8 and 2.1x10-2 cm/s, the geometric mean α varies 

between 9.5x10-4 and 4.8x10-1 kPa-1, and the mean n varies between 1.19 and 

7.12. The standard deviation of the natural logarithm of saturated hydraulic 

conductivity (σlnks) varies between 0.12 and 4.32, and is 1.35 on average. The 
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Fig. 4.1.  Distribution of the soils on the USDA ternary diagram. 
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Fig. 4.2.  Plasticity characteristics of the finer textured soils. 
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USCS USDA Number of ks (cm/s) α (kPa-1) n 

Group # 
Group Symbol Group Name Class Samples Geometric Mean σlnks Geometric Mean σlnα Mean σn 

1 SC Clayey sand with gavel loam 2 3.6x10-4 1.00 0.00641 0.12 1.20 0.05 

2 CL Lean clay with sand silt loam 12 3.9x10-7 2.25 0.00351 1.15 1.32 0.10 

3 CL sandy lean clay clay loam 5 2.6x10-5 3.70 0.01030 0.79 1.37 0.11 

4 SC Clayey sand with gravel sandy loam 2 1.9x10-5 0.36 0.00879 0.05 1.36 0.02 

5 CH sandy fat clay sandy clay loam 13 1.6x10-7 0.86 0.00346 1.42 1.19 0.02 

6 ML-NP lean clay silt loam 4 5.1x10-5 0.56 0.01019 0.07 1.41 0.01 

7 ML-NP clayey sand silt loam 4 5.5x10-5 1.23 0.01013 0.14 1.42 0.04 

8 ML silty clay silt loam 8 4.2x10-7 0.69 0.00266 0.29 1.25 0.05 

9 ML-NP clayey sand sandy loam 4 3.4x10-5 0.76 0.00938 0.06 1.40 0.01 

10 ML lean clay silt loam 7 3.6x10-7 0.83 0.00271 0.32 1.27 0.03 

11 ML-NP clayey sand sandy loam 8 7.9x10-5 0.74 0.01035 0.05 1.44 0.04 

12 SC clayey sand sandy loam 2 2.1x10-5 2.56 0.00357 2.20 1.42 0.28 

13 SC clayey sand sandy clay loam 5 4.0x10-8 0.81 0.00244 1.23 1.58 0.42 

14 SC clayey sand sandy clay loam 2 3.1x10-7 0.30 0.00126 0.87 1.79 0.40 

15 SC clayey sand sandy clay loam 4 3.8x10-7 4.32 0.00408 1.26 1.39 0.09 

16 SC-SM silty clayey sand sandy clay loam 4 3.0x10-7 1.63 0.00233 0.52 1.49 0.14 

17 SC clayey sand sandy clay loam 2 1.9x10-6 0.33 0.00197 0.29 1.52 0.07 

18 CL lean clay silty clay loam 4 1.3x10-7 2.59 0.00095 1.15 1.61 0.39 

19 CL lean clay silty clay loam 4 5.6x10-6 0.71 0.00291 1.09 1.97 1.24 

20 SP poorly-graded sand sand 3 2.1x10-2 0.12 0.37888 0.09 7.12 0.17 

21 CL lean clay silty clay loam 4 2.4x10-6 1.41 0.00581 1.04 1.28 0.10 

22 CL sandy lean clay sandy clay loam 8 9.7x10-7 2.63 0.00159 0.55 1.63 0.26 

23 CL sandy lean clay sandy clay loam 8 1.6x10-7 0.98 0.00266 0.69 1.40 0.09 

24 CL sandy lean clay sandy clay loam 3 1.8x10-7 2.14 0.00261 1.03 1.47 0.23 

25 CL-ML silty clay silt loam 13 7.4x10-6 1.18 0.01398 0.46 1.48 0.10 

26 ML silt w/ sand silt loam 3 1.7x10-5 0.92 0.02528 0.31 1.35 0.02 

27 CL lean clay silty clay loam 4 2.2x10-7 0.65 0.00761 0.83 1.30 0.06 

28 CL lean clay silty clay loam 7 3.1x10-7 1.19 0.00296 0.56 1.42 0.05 

29 CL lean clay silty clay 4 9.3x10-6 2.62 0.00789 0.94 1.32 0.08 

30 SC clayey sand sandy loam 11 4.0x10-8 0.65 0.00408 0.76 1.40 0.10 

31 SP poorly-graded sand sand 8 3.2x10-3 0.55 0.48279 0.08 3.92 0.74 

32 CL lean clay with sand clay loam 8 1.4x10-5 1.97 0.00281 0.91 1.38 0.11 

 

 Table 4.1.  Summary of statistics of the hydraulic properties of the groups. 

σlnks = standard deviation of lnks, σlnα = standard deviation of lnα, σn = standard deviation of n 

50 
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standard deviation of the natural logarithm of α (σlnα) varies between 0.05 and 2.20, 

and is 0.66 on average. For n, the standard deviation (σn) varies between 0.01 and 

1.24, and is 0.18 on average. 

The saturated hydraulic conductivity (ks) and the α parameter for each layer 

typically exhibited a skewed distribution, whereas the n parameter typically was 

unskewed. Thus, a goodness-of-fit test was conducted to determine if ks and α can 

be described by the log-normal distribution, and n by the normal distribution.  

Groups with five or more data were tested. The probability plot correlation 

coefficient (PPCC) test was used at a significance level of 0.05.  The PPCC test 

was selected because of its superior ability to discern non-normal characteristics 

relative to other goodness-of-fit tests such as the Kolmogorov-Smirnov test and the 

chi-square test (Filliben 1975, Vogel 1986, Benson 1993). 

A summary of results from the PPCC test is provided in Table 4.2, which 

shows the correlation coefficients for each group along with critical correlation 

coefficients obtained from Filliben (1975). The null-hypothesis (i.e., the data are 

normal or log-normal) is rejected if the correlation coefficient (ρ) for the parameter 

being evaluated (e.g., ks for a group) is less than the critical value (ρcr).  There are 

only four cases where the normal or log-normal hypothesis is rejected (two for ks, 

two for α). Thus, in most cases the log-normal distribution can be used to describe 

ks and α, and the normal distribution can be used to describe n. 

 
4.2 RELATIONSHIPS BETWEEN HYDROLOGIC AND PHYSICAL PROPERTIES 
 
 Relationships between the hydrologic properties and physical properties
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Table 4.2.  Summary of statistics for normality tests using Filliben’s Probability Plot Correlation Coefficient test      

       (significance level = 0.05). 

                    

R2 Normal R2 Normal R2 NormalGroup 
No. Site No. 

Samples
Critical 
Value lnα ? n ? lnks ? 

2 Sacramento, CA 12 0.8809 0.9182 Yes 0.8998 Yes 0.9409 Yes 
3 Sacramento, CA 5 0.8342 0.9494 Yes 0.9328 Yes 0.8781 Yes 
5 Helena, MT 13 0.8852 0.8880 Yes 0.8654 No 0.9275 Yes 
8 Polson, MT 8 0.8593 0.9521 Yes 0.8638 Yes 0.8956 Yes 

10 Polson, MT 7 0.8322 0.8818 Yes 0.9670 Yes 0.8904 Yes 
11 Polson, MT 8 0.8593 0.9097 Yes 0.9635 Yes 0.8071 No 
13 Albany, GA 5 0.8342 0.9123 Yes 0.8581 Yes 0.9834 Yes 
22 Cedar Rapids, IA 8 0.8593 0.9429 Yes 0.8512 No 0.9228 Yes 
23 Cedar Rapids, IA 8 0.8593 0.9710 Yes 0.9999 Yes 0.9365 Yes 
25 Boardman, OR 13 0.8852 0.9234 Yes 0.9102 Yes 0.9531 Yes 
28 Altamont, CA 7 0.8522 0.9214 Yes 0.9357 Yes 0.9263 Yes 
30 Monterey, CA 11 0.8762 0.8963 Yes 0.9393 Yes 0.7778 No 
31 Monterey, CA 8 0.8593 0.9130 Yes 0.9465 Yes 0.9373 Yes 
32 Monticello, UT 8 0.8593 0.8594 Yes 0.9798 Yes 0.8938 Yes 
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of the soils were explored by graphical analysis. These graphs are presented in 

this section. For clarity, only means or medians are shown for each property. 

Medians are used for ks and α, whereas arithmetic means are used for all other 

properties. Analyses were conducted using the particle size definitions in the USCS 

and USDA systems. In the USCS, the particle size ranges are defined as: 

gravel>4.75 mm, 4.75 mm>sand>0.075 mm, fines<0.075 mm. In the USDA, the 

particle sizes are defined as: gravel>2.0 mm, 2.0 mm>sand>0.05 mm, 

0.05>silt>0.002 mm, clay<0.002 mm. 

 

4.2.1 Saturated Hydraulic Conductivity (ks) 

 Relationships between USCS particle sizes and ks are shown in Fig. 4.3. No 

trend is evident between ks and the USCS gravel content. No trend is evident 

between ks and sand content either, except much higher ks exists for sand contents 

in excess of 90%. There is a trend of decreasing ks with increasing fines content 

(Fig. 4.3c), although there is considerable scatter in the trend. The decreasing 

trend is stronger for 2 µm clay content, although considerable scatter exists in this 

relationship as well (Fig. 4.3d). The stronger trend with 2 µm clay content relative to 

that with fines content reflects that fines consist of both silt and clay. Thus, a high 

fines content does not necessarily infer low hydraulic conductivity, whereas lower 

hydraulic conductivity is anticipated when the clay content is higher. Similar 

behavior is evident in graphs prepared with the USDA particle sizes (Fig. 4.4). The 

only significant trend is between ks and clay content, with lower ks occurring at 

higher clay content. There is considerable scatter in the relationship between ks
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Fig. 4.3.  Relationship between ks and (a) USCS gravel content, (b) USCS sand 

content, (c) USCS fines content, and (d) 2 µm clay content. 
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Fig. 4.3.  Relationship between ks and (a) USCS gravel content, (b) USCS sand 
content, (c) USCS fines content, and (d) 2 µm clay content (continued). 
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Fig. 4.4.  Relationship between ks and (a) USDA sand content, (b) USDA silt 
content, and (c) USDA clay content. 
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and USDA clay content, which suggests that other factors besides particle size 

have an appreciable effect on ks. 

Box plots showing the distribution of ks for each USCS and USDA class are 

shown in Fig. 4.5. For the USCS classification there is a significant difference 

between the ks of non-plastic soils (S, ML-NP) and that of more plastic soils (GC, 

SC-SM, SC, ML, CL-ML, CL, CH). The saturated hydraulic conductivity also tends 

to decrease as the soil classifications indicate finer soils (e.g., SP vs. ML), although 

the soils classifying as SC-SM and SC are an exception to this trend. Apparently 

the soils classifying as SC-SM and SC are sufficiently well-graded and contain 

enough clay fines to render the ks similar to that of the plastic fine textured soils 

such as those classifying as CL and CH (i.e., the fines and clay in these sands 

control the hydraulic conductivity).  

A similar trend is evident in the USDA classifications, with lower ks for the 

classes corresponding to finer soils. The exception is the soils classifying as clay 

loam (CL), which have higher ks than most of the other finer soils. For the fine 

textured soils designated as CL, SiCL, and SiC in the USDA system, ks probably is 

influenced by the gradation of the soil and the mineralogy of the clay fraction. 

 Relationships between ks and the Atterberg limits (liquid limit, plastic limit, 

and plasticity index) are shown in Fig. 4.6. The Atterberg limits are indicators of the 

amount and type of clay minerals in the soil. Soils comprised of more clay or more 

active clay minerals have higher liquid limit (LL), plastic limit (PL), and plasticity 

index (PI) (Mitchell 1993). Consequently, as the LL, PL, and PI increase, ks 

generally decreases (Benson et al. 1994). The data in Fig. 4.6 do indicate that the
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Fig. 4.5. Box plots of ks based on (a) USCS groups and (b) USDA classifications 
(numbers in parenthesis indicate number of samples in each group). 
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Fig. 4.6.  Relationship between ks and (a) liquid limit (LL), (b) plastic limit (PL), and 

(c) plasticity index (PI). 
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highest ks generally are associated with the finer textured soils that have the lowest 

plasticity (i.e., lower LL, PL, and PI), although strong trends do not exist between ks 

and LL, PL, or PI. 

A graph of ks vs. organic content is shown in Fig. 4.7. A slight trend of 

decreasing ks with increasing organic content exists as the organic content 

increases from 0 to 4%. At higher organic content, the ks appears to increase. 

However, few data exist for organic contents > 4% to confirm that the trend of 

increasing ks with increasing organic content is significant and not spurious. 

 Relationships between ks and optimum water content (wopt) and maximum 

dry unit weight (γdmax) are shown in Fig. 4.8. No clear trend exists between ks and 

wopt, but the higher ks generally are associated with lower wopt. Finer textured soils 

with lower wopt tend to be less plastic (Blotz et al. 1998, Fleureau et al. 2002). Thus, 

the relationship between ks and wopt is generally consistent with the relationship 

between ks and the Atterberg limits. There is no apparent trend with γdmax, except 

the highest ks are associated with intermediate γdmax. 

 The effect of compaction water content on ks is shown in Fig. 4.9 in terms of 

water content relative to optimum water content (w-wopt) and initial saturation 

(degree of saturation at compaction). There is a strong inverse relationship 

between ks and w-wopt. Soils compacted wet of optimum tend to have much lower 

ks than soils compacted dry of optimum, which is consistent with the well-known 

relationship between ks and compaction water content for fine textured soils (e.g., 

Mitchell et al. 1965). There also is a strong inverse relationship between ks and Si, 

with the lowest ks occurring at the highest Si. Compaction at high Si also
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Fig. 4.7.  Relationship between ks and organic matter content measured by loss on 
ignition (LOI).  
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Fig. 4.8.  Relationship between ks and (a) optimum water content and (b) maximum 
dry unit weight. Clean sands excluded (group nos. 20 and 31). 
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Fig. 4.9.  Relationship between ks and (a) difference between compaction water 
content and optimum water content and (b) initial saturation. Clean 
sands excluded (group nos. 20 and 31). 
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generally corresponds to compaction wet of optimum water content (Benson et al. 

1994, 1999; Benson and Trast 1995). 

Relationships between ks and compacted dry unit weight (γd) and relative 

compaction (RC) are shown in Fig. 4.10. No relationship exists between ks and γd, 

because γd alone does not define how well the soil is compacted. Also, soils 

compacted to similar γd may be compacted dry or wet of optimum water content, 

and thus may have very different hydraulic conductivity. There is a trend of 

decreasing ks with increasing RC [i.e., soils compacted closer to maximum dry unit 

weight (RC close to 100%) have lower ks]. There is considerable scatter in the 

relationship, however, because soils can be compacted to the same RC at water 

contents dry or wet of optimum water content. Thus, for a given soil, very different 

ks can be realized for a given relative compaction depending on the compaction 

water content. 

 

4.2.2 van Genuchten parameter α  

Relationships between α and particle sizes defined by the USCS are shown 

in Fig. 4.11. There is no trend between α and USCS gravel content (Fig. 4.11a). 

This occurs for two reasons. First, large particles are often removed when the 

specimens are prepared for a SWCC test so the specimen can fit into the pressure 

plate extractor (test specimens for the SWCC tests had a height of 25 mm and a 

diameter of 73 mm). Therefore the gravel contents shown in Fig 4.11 may not 

represent the actual gravel content of the test specimen. Second, because the 
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Fig. 4.10.  Relationship between ks and (a) dry unit weight, and (b) relative 

compaction. Clean sands excluded (group nos. 20 and 31).  
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Fig. 4.11.  Relationships between α and (a) USCS gravel content, (b) USCS sand 

content, (c) USCS fines content, and (d) 2 µm clay content. 
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Fig. 4.11. Relationship between α and (a) USCS gravel content, (b) USCS sand 

content, (c) USCS fines content, and (d) 2 µm clay content (continued). 
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gravel content is at most 30% and generally is less than 10%, water retention was 

most likely controlled primarily by finer particles (silts and clays) because they 

define the size of the pores in the soil. 

The relationship between α and USCS sand content is shown in Fig. 4.11b. 

Sand content only affects α when the sand content is very high (i.e., the soil is a 

clean sand containing at least 90% sand particles). Otherwise α is unaffected by 

sand content, because water retention is controlled by the finer particles in the soil. 

 There is little trend with fines content except that much higher α are 

associated with fines contents less than 10% (i.e., the clean sands) (Fig. 4.11c). In 

fact, the trends between α and sand content and α and fines content are nearly 

mirror images because most of the soils have low gravel content (generally <10% 

gravel). For soils with low gravel content, sand and fines essentially are 

complementary particle sizes.  

There is a stronger relationship between α and 2 µm clay content, with the 

lowest α generally occurring in soils with the highest 2 µm clay content (Fig. 4.11d). 

Soils with higher clay content have lower α because clay particles enhance water 

retention through capillary effects (i.e., smaller pore sizes) and adsorptive effects 

(i.e., water retention on the clay surface due to electrical effects). The relationship 

is stronger than that between α and fines content because fines consist of both silt 

and clay particles. Adsorptive effects are appreciable for clay particles, but not for 

silt particles. 

Relationships are shown in Fig. 4.12 between α and sand, silt, and clay
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Fig. 4.12.  Relationship between α and (a) USDA sand content, (b) USDA silt 
content, and (c) USDA clay content. 
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content as defined by the USDA system. As with the USCS particle sizes, α is 

affected by sand content or silt content when the sand content is high (>90%) or 

the silt content is low (<5%) (i.e., for clean sands). In contrast, a stronger inverse 

relationship exists between α and clay content. 

Box plots showing distributions of α as a function of classification in the 

USCS and the USDA system are shown in Fig. 4.13. For the USCS groups (Fig. 

4.13a), lower α are associated with the soils designated as clay (CL, CH). Among 

the clayey soils, highly plastic clays (CH) have the lowest α. The silty soils (ML, 

ML-NP, CL-ML) generally have higher α than the clays (CL, CH) and coarse 

textured soils with appreciable fines (GC, SC-SM, SC). The clean sands (SP) have 

the highest α of all soils. For the USDA classifications (Fig. 4.13b), α decreases as 

the texture grades to finer soil; i.e., from sand (S) to silty clay (SiC). The exception 

is the soils classifying as CL (clay loam), which have higher α than the other finer 

textured soils. The soils classifying as CL in the USDA also have higher ks than the 

other finer textured soils (Fig. 4.5b). 

Relationships between α and the plasticity characteristics of the soils are 

shown in Fig. 4.14. Inverse relationships exist between α and the LL and α and the 

PI (Figs. 4.14a, c), whereas no relationship exists between α and the PL (Fig. 

4.14b). The strongest relationship is between α and PI, with the lowest α 

associated with the highest PI (i.e., most plastic soils). Soils with higher PI 

generally have a greater fraction of more active clay minerals, which cause α to be 

lower due to smaller pore sizes and larger adsorptive effects. 
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Fig. 4.13.  Box plots of α segregated by soil classification: (a) USCS groups and (b) 

USDA classifications (numbers in parenthesis indicate number of 
samples in box plot).  
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Fig. 4.14.  Relationship between α and (a) liquid limit (LL), (b) plastic limit (PL), and 

(c) plasticity index (PI). 

(a)

(b)

(c) 



 73

 

 
 

The relationship between organic content and α is shown in Fig. 4.15. No 

relationship exists between α and organic content. The organic content of the soils 

in the database is small (<8%). If soils with higher organic content were included, a 

trend between α and organic content may have been observed. 

Relationships between α and optimum water content (wopt) and maximum 

dry unit weight are shown in Fig. 4.16. There is an inverse relationship between α 

and wopt when wopt is higher than 17% (Fig. 4.16a), whereas there is no trend 

between α and γdmax. The same trends are evident in the relationships between ks 

and wopt and ks and γdmax. Soils with higher wopt generally are more plastic due to the 

presence of more active clay minerals, and more plastic soils generally have lower 

ks and lower α (Figs. 4.5 and 4.13).  

Relationships between α and compaction water content relative to optimum 

water content (w-wopt) and initial saturation (Si) are shown in Fig. 4.17. The trends 

with w-wopt and Si are similar to the trends observed for ks (Fig. 4.9), although the 

trends for α are not as strong as those for ks. Soils compacted at water contents 

wet of optimum water content and at higher Si have lower α and ks. Compacting 

wet of optimum eliminates large pores, which impedes flow (decreasing ks) and 

improves water retention (decreasing α). 

Relationships between α and compacted dry unit weight (γd) and relative 

compaction (RC) are shown in Fig. 4.18. There is no apparent trend between α and 

γd, but a trend of decreasing α with increasing RC is evident. In general, soils 

compacted to higher RC have lower α because finer textured
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Fig. 4.15.  Relationship between α and organic matter content measured by loss on 
ignition (LOI). 
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Fig. 4.16.  Relationship between α and (a) optimum water content and (b) 
maximum dry unit weight. 
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Fig. 4.17.  Relationship between α and (a) difference between compaction water 

content and optimum water content, and (b) initial saturation.  
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Fig. 4.18. Relationship between α and (a) dry unit weight and (b) relative 
compaction. 
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soils compacted to higher RC generally have smaller pore sizes. As was observed 

with ks, a wide range of α exists for a given γd or RC because soils can be 

compacted dry or wet of optimum water content for a given γd. 

 

4.2.3 van Genuchten parameter n 

The n parameter varies little for fine textured soils. The average n parameter 

associated with the groups of fine textured soils varies between 1.2 and 2.0, and is 

1.4 on average (Table 4.1). A larger variation in n is evident for the sands. For the 

groups categorized as sands, the average n varies between 3.9 and 7.1, and is 5.5 

on average (Table 4.1). This behavior is evident when the distributions of n are 

shown relative to the USCS and USDA classifications (Fig 4.19). Similar 

distributions of n exist for all soils except those that classify as clean poorly graded 

sand (SP) in the USCS or sand (S) in the USDA system. 

Relationships between n and the size fractions in the USCS and USDA 

system are shown in Figs. 4.20-4.21. The parameter n is sensitive to USCS sand 

content only when the USCS sand content is high (>80%), or the USCS fines 

content is low (<20%) (Figs. 4.20b, c). Similarly, for the USDA particle sizes, n is 

sensitive to the sand content, silt content, or clay content only when the sand 

content is high (>80%), the silt content is low (<3%), or the clay content is low 

(<4%). As with α, no relationship exists between n and USCS gravel content. 

Relationships between n and the LL, PL, and, PI are shown in Fig. 4.22. No 

relationship appears to exist between n and the LL and PI. However, a slight 

inverse trend exists between n and PL. 
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Fig. 4.19. Box plots of n based on (a) USCS groups and (b) USDA classifications 
(numbers in parenthesis indicate number of soils). 
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Fig. 4.20.  Relationship between n and (a) USCS gravel content, (b) USCS sand 

content, (c) USCS fines content, and (d) 2 µm clay content.  
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Fig. 4.20.  Relationship between n and (a) USCS gravel content, (b) USCS sand 
content, (c) USCS fines content, and (d) 2 µm clay content  (continued). 
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Fig. 4.21.  Relationship between n and (a) USDA sand content, (b) USDA silt 

content, and (c) USDA clay content. 
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Fig. 4.22.  Relationship between n and (a) liquid limit (LL), (b) plastic limit (PL) and 

(c) plasticity index (PI). 

(a)

(b)

(c) 



 84

 

 
 

The relationship between n and organic matter content is shown in Fig. 4.23. 

A trend of increasing n with increasing organic matter content exists for organic 

matter contents between 0-3%. The trend appears to level out for organic matter 

content greater than 3%. However, few data exist for organic matter content 

greater than 3%, and thus a definitive conclusion regarding the trend cannot be 

made for higher organic matter contents.  

The parameter n is insensitive to wopt or γdmax (Fig. 4.24). However, n 

increases as w-wopt increases for w-wopt>0% (Fig. 4.25a), and the highest n are 

generally associated with Si exceeding 80% (Fig. 4.25b). This increase in n may 

reflect a narrowing of the pore size distribution for compaction wet of optimum 

water content. Compaction wet of optimum water content eliminates the largest 

pores, as clods and peds are more readily remolded (Olsen 1962, Garcia-

Bengochea et al. 1979, Benson and Daniel 1990). Compaction dry unit weight (γd) 

and relative compaction (RC) do not have a noticeable effect on n (Fig. 4.26). 

 

4.3 PEDOTRANSFER FUNCTIONS (PTFs)  

4.3.1 PTFs for Database 

  Pedotransfer functions (PTFs) for ks, α, and n were developed empirically 

using the data described in Sections 4.1 and 4.2. Because the hydraulic properties 

of the clean sands are much different from all other soils in the database, the clean 

sands were excluded from the PTF analyses. PTFs for the sands are in Benson et 

al. (2002b). For ks and n, 18 independent variables, USCS gravel, sand, and clay 

contents, USDA sand, silt, and clay contents, 2 µm clay content, organic matter
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Fig. 4.23.  Relationship between n and organic matter content measured by loss on 
ignition (LOI). 
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Fig. 4.24.  Relationship between n and (a) optimum water content and (b) maximum 
dry unit weight. Clean sands excluded (group nos. 20 and 31). 
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Fig. 4.25.  Relationship between n and compaction water content relative to 
optimum water content (a) and initial saturation (b). Clean sands 
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Fig. 4.26.  Relationship between n and dry unit weight (a), and relative compaction 
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content, γd, wopt, γdmax, RC, w-wopt, wc, Si, LL, PL, and PI were considered when 

developing the PTFs. For α, a 19th variable, ks, was included in the regression as 

well. 

Stepwise regression was used to develop PTFs. The stepwise regression 

model has the form: 

 

Y= a0 + a1X1 + a2X2 + a3X3 + … + aiXi + … + anXn                       (4.1) 

 

where Y is the dependent variable, ai…an are regression coefficients, and Xi…Xn 

are the independent variables. In stepwise regression, an independent variable is 

added to the model if its correlation with the dependent variable is found to be 

significant based on the independent variable’s partial F-statistic. The partial F-

statistic is the ratio 

 

Fpartial = MSr/s2                                             (4.2) 

 

where MSr is the mean square error due to regression and s2 is the residual 

variance. After a new variable is added to the model, its significance is checked 

with the partial F-statistic. If the partial F of the independent variable is higher than 

a critical F-statistic (Fcr), the variable is added to the model. Each variable is tested 

one at a time for its correlation with the dependent variable and, finally, only the 

significant independent variables are retained in the model (Benson et al. 1994, 

Draper and Smith 1998). The critical F varies with the significance level specified. 
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For the models described here, a significance level of 0.05 was used, which 

corresponds to a partial F of 4.0. 

The PTF for ks obtained by stepwise regression is: 

 

log10ks = 7.747 - 0.756(γd) + 0.032(Si) - 0.028(LL) - 0.185 (wc)          (4.3) 

 

where ks is in cm/s, γd is in kN/m3, and Si, LL, and wc are percentages. The model 

indicates that ks decreases with increasing γd, LL, and wc, and increases with 

increasing Si. The individual trends between ks and γd, LL, wc, and Si (Figs. 4.10a, 

4.6a, 4.27a, and 4.9b) show that the only variable in Eq. 4.3 that does not follow 

the expected trend with ks is Si (Fig. 4.9b). The reason for this unexpected 

relationship with Si is not clear. The relationship between ks and compaction water 

content (wc) exhibits a strong trend of decreasing ks with increasing wc (Fig. 4.27a). 

The PTF in Eq. 4.3 agrees well with this trend. 

 The PTF for log ks has a bias of 0.0137, a standard error of 0.9197, and a R2 

of 0.441. Other functional forms of the independent variables (e.g., γd
2, eSi etc.) 

were also tested in the regression model, but they did not reduce the model error. 

Comparison of the measured ks and the ks predicted using Eq. 4.3 is shown in Fig. 

4.27b). Most of the predictions lie within one order of magnitude of the measured 

ks.  

 The PTF for α is: 
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Fig. 4.27.  Relationship between ks and compaction water content (a), and 
comparison of measured ks and predicted ks (b). 
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log10α = -1.441 + 0.131(log ks) - 0.018(C) + 0.015(PL)             (4.4) 

 

where α is in kPa-1, ks is in cm/s, and C (2 µm clay content) and PL are 

percentages. The model shows that α increases with increasing ks and PL, and 

decreases with increasing 2 µm clay content. These trends agree with those shown 

in the graphical analyses in Sec 4.2 (Figs. 4.11d and 4.14b). There also is a strong 

trend between α and ks (Fig. 4.28a), which is consistent with Eq. 4.4. A positive 

relationship exists between α and ks because both parameters are controlled by 

the largest pores in the soil. 

The PTF for logα has a bias of -0.0117, a standard error of 0.3918, and a R2 

of 0.258. The relatively low R2 could not be improved using other functional forms 

of the independent variables. Comparison of measured α and estimated α using 

Eq. 4.4 is shown in Fig. 4.28b. 

The PTF for n is: 
 
 

n = 1.532 + 0.026(Oc) - 0.011(wopt)                            (4.5) 

 

where Oc (organic content) and wopt are percentages. The model shows that n 

increases with increasing organic content and decreases with optimum water 

content. The trend between n and organic content is consistent with the data in Fig. 

4.23, but no trend was evident in the graph relating n and optimum water (Fig. 

4.24).  

The parameter n typically varies between 1.2 and 1.8, and is 1.4 on average. 
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Fig. 4.28.  Relationship between α and ks (a) and comparison of measured and 
predicted α (b). 
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However, there are two points where n is much larger. These points are marked as 

A (ALB1-L1-B1-13) and B (BLU3-L5-S1-77) in Fig. 4.29. The SWCCs for these 

points are in Appendix C. The SWCCs for A and B indicate that these specimens 

most likely had a dual porosity, which artificially elevates n to span both sets of 

pores. 

The reason why high organic content causes high n is unclear. The range of 

organic contents in the database (0-8%) is too small to reach a definitive 

conclusion. Likewise, the inverse relationship between wopt and n needs further 

investigation to be understood.  

 The PTF for n has a bias of 0.0052, a standard error of 0.2494 and a R2 of 

0.055. The relatively low R2 could not be improved by using other functional forms 

of the independent variables. Comparison of measured n and estimated n using 

Eq. 4.5 is shown in Fig. 4.29. Eq. 4.5 seems to work better for n less than 1.5, 

which is a typical threshold for most of the fine grained soils in the database. Since 

the range of measured n in the database is a small interval (typically between 1.2 

and 2.2), using a representative n for fine textured soils is reasonable. The mean n 

for all soils in the database (1.4), therefore, can be used as a quick estimate for n. 

 

4.3.2 Evaluation of PTFs 

 The PTFs described in Section 4.3.1 for ks, α, and n were compared with the 

PTFs by Rawls et al. (1992), Mayr et al. (1997), Schaap et al. (1997), Tinjum et al. 

(1997), and Mbonimpa et al. (2002), which are described in Section 2.3. The
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Fig. 4.29.  Comparison of measured and predicted n (A and B are specimens with 
non-typical n). 
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data in the database (Appendix E) were used for the comparisons. For the PTFs 

that are defined for a certain range of soil properties, the data in the database were 

segregated into two groups corresponding to data falling inside and outside the 

range. The applicable ranges for each PTF are listed in Table 4.3, along with the 

number of data points in the database that fall inside and outside of the specified 

ranges. 

  

4.3.2.1 Comparison of ks PTFs  

A comparison between predictions of ks made with Eq. 4.3 and the PTF in 

Rawls et al. (1992) with the measured ks is shown in Fig. 4.30. The PTF by Rawls 

et al. (1992) tends to over-predict ks when ks is low, and under-predict ks when ks is 

high. Sorting of the data based on the applicable input range (Table 4.3) does not 

seem to create two distinct groups of predictions. Moreover, for both groups of 

predictions, there appears to be no relationship between the predicted and 

measured ks. Apparently, USDA clay content, USDA silt content, and porosity are 

not enough information to explain ks fully. The absence of plasticity in the PTF is 

important; soils with more active minerals will have lower ks for a given silt or clay 

content. Also, compaction conditions affect ks (Sec. 4.3.1), and they are not 

included in the PTF by Rawls et al. (1992). Eq. 4.3 takes into account plasticity and 

compaction conditions, and hence provides better predictions of ks. 

 A comparison between ks predicted with Eq. 4.3 and ks predicted with 

ROSETTA (Schaap et al. 1997) is shown in Fig. 4.31. The predictions with 

ROSETTA fall in a narrow range (1x10-6-2x10-5 cm/s), whereas the measured ks
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Table 4.3.  Valid ranges of input parameters for PTFs compared in Section 4.3.2. 

          
PTF Parameter Range (Input data limits) No. data in database No. data in database

      satisfying criteria not satisfying criteria

Eqs. 4.3-4.5 ks, α, n database limits (Appendix E) 169 0 
Rawls et al. (1992), Eqs. 2.7 and 2.8 ks, ψa*, λ* 5%<USDA Clay<60%, 5%<USDA Sand<70% 141 28 

Mayr et al. (1997), Eqs. 2.11 and 2.12 α, n not specified 169 0 
Schaap et al. (1997) (ROSETTA) ks, α, n not specified 169 0 

Tinjum et al. (1997), Eqs. 2.5 and 2.6 α, n 27<LL<67, 14<PI<46 84 85 
Mbonimpa et al. (2002), Eq. 2.20 ks LL>20 169 0 

* ψa and λ were converted to α and n using Eqs. 2.3 and 2.4 by Lenhard et al. (1996) 
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Fig. 4.30.  Comparison of ks predicted with Eq. 2.10 (PTF from Rawls et al. 1992) 

and Eq. 4.3 (PTF from this study) with measured ks from the database. 
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Fig. 4.31.  Comparison of ks predicted with artificial neural network of Schaap et al. 
(1997) (ROSETTA) and Eq. 4.3 (PTF from this study) with measured ks 
from the database. 
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vary over a much larger range (1x10-8-1x10-3 cm/s). Also, the predicted ks generally 

are higher than the measured ks. The databases that feed ROSETTA are mainly 

agricultural soil databases (including the data from Rawls et al. 1992) and do not 

include many of the physical and index properties that appear to control the 

hydraulic properties of engineered fill soils. For example, as with the predictions 

made with the PTF by Rawls et al. (1992), ROSETTA does not account for 

plasticity or compaction conditions, both of which affect ks. 

A comparison between predictions of ks made with Eq. 4.3 and the PTF in 

Mbonimpa et al. (2002) is shown in Fig. 4.32. The ks predicted with the PTF by 

Mbonimpa et al. (2002) are significantly lower than the measured ks, and there is 

little relationship between the predicted and measured ks. A majority of the data 

used in the database in Mbonimpa et al. (2002) are from soils mixed with bentonite, 

which typically have much lower ks than most of the soils used in ACAP. The PTF 

in Mbonimpa et al. (2002) also does not account for compaction characteristics, 

which affect ks (Sec. 4.3.1).  

 

4.3.2.2 Comparison of α  PTFs  

 The PTF for α (Eq. 4.4) was compared with the PTFs for α in Rawls et al. 

(1992), Mayr et al. (1997), Schaap et al. (1997), and Tinjum et al. (1997). For the 

PTF in Rawls et al. (1997), ψa was converted to α using Eq. 2.4. 

 A comparison between α predicted with Eq. 4.4 and with the PTF in Rawls 

et al. (1992) is shown in Fig. 4.33. The PTF from Rawls et al. (1992) generally 

over-predicts α regardless of whether the input was limited solely to data falling 
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Fig. 4.32.  Comparison of ks predicted with Eq. 2.20 (PTF from Mbonimpa et al. 
2002) and Eq. 4.3 (PTF from this study) with measured ks from the 
database. 
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Fig. 4.33.  Comparison of α predicted with Eq. 2.7 (PTF from Rawls et al. 1992) 
and Eq. 4.4 (PTF from this study) with measured α from the database. 
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within the range provided by Rawls et al. (1992). This was the case for ks as well 

(Fig. 4.30), and in this sense the predictions made with the PTFs from Rawls et al. 

(1992) are consistent. However, neither the ks or the α PTF make reasonable 

predictions, and there appears to be no relationship between the predicted and 

measured α. Relying only on textural characteristics appears to be insufficient, 

because no information is provided regarding plasticity or compaction conditions. 

Comparison between α predicted with Eq. 4.4 and with the PTF in Mayr et 

al. (1997) is shown in Fig. 4.34. When calculating α using Eq. 2.11, organic 

contents in the database were converted to organic carbon contents using a 

conversion factor of 1.78 (organic carbon content = organic matter content/1.78). 

The α predicted with the PTF from Mayr et al. (1997) generally fall below the 

measured α, and no relationship is apparent between the predicted and measured 

α. In addition, the range of α predicted using the PTF from Mayr et al. (1997) is 

considerably smaller than the range in the database. 

 A comparison between α predicted with Eq. 4.4 and with ROSETTA 

(Schaap et al. 1997) is shown in Fig. 4.35. All of the α predicted by ROSETTA fall 

above the measured α, although the predicted α are closer to the measured α 

when the measured α are higher. Overall, the predictions of α from ROSETTA are 

consistent with the corresponding predictions of ks, in that the majority of the ks 

were over predicted by ROSETTA (Fig. 4.31). The differences in the databases 

used in ROSETTA and in this study probably are responsible for the differences in 

the predicted α. The databases used for ROSETTA are primarily agricultural. Thus,
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Fig. 4.34.  Comparison of α predicted with Eq. 2.11 (PTF from Mayr et al. 1997) 
and Eq. 4.4 (PTF from this study) with measured α from the database. 
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Fig. 4.35.  Comparison of α predicted with the artificial neural network of Schaap et 
al. (1997) (ROSETTA) and Eq. 4.4 (PTF from this study) with measured 
α from the database. 
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the soils in these databases have looser structure and higher α, whereas the 

database used to derive Eq. 4.4 is made up of engineered compacted fill soils, 

which typically have lower α. 

 Comparison between α predicted with Eq. 4.4 and with the PTF from Tinjum 

et al. (1997) is shown in Fig. 4.36. The soils used in Tinjum et al. (1997) are similar 

to the soils used in Eq. 4.4 in that they are compacted and fine textured. However, 

the PTF in Tinjum et al. (1997) tends to over predict α. The data set that Tinjum et 

al. (1997) used to derive their PTF for α consists of four soils, and spans a 

relatively small range of soil properties. Thus, their data set may not be general 

enough to describe the properties of the ACAP soils. However, in contrast to 

predictions made with the other PTFs, there is a positive trend between the α 

predicted using the PTF in Tinjum et al. (1997) and the measured α. The α 

predicted using the PTF in Tinjum et al. (1997) increase as the measured 

α increase, whereas no relationship was observed between the measured α and 

the α predicted with the other PTFs. 

 

4.3.2.3 Comparison of n PTFs  

The PTF for n (Eq. 4.5) was compared with the PTF for n in Rawls et al. 

(1992), Mayr et al. (1997), Schaap et al. (1997), and Tinjum et al. (1997). For the 

PTF in Rawls et al. (1997), λ was converted to n using Eq. 2.3. The comparisons 

are shown in Fig. 4.37 (Rawls et al. 1992), Fig. 4.38 (Mayr et al. 1997), Fig. 4.39 

(ROSETTA), and Fig. 4.40 (Tinjum et al. 1997).  
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Fig. 4.36.  Comparison of α predicted with Eq. 2.5 (PTF from Tinjum et al. 1997) 
and Eq. 4.4 (PTF from this study) with measured α from the database. 
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Fig. 4.37.  Comparison of n predicted with Eq. 2.8 (PTF from Rawls et al. 1992) 

and Eq. 4.5 (PTF from this study) with measured n from the database. 
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Fig. 4.38.  Comparison of n predicted with Eq. 2.12 (PTF from Mayr et al. 1997) 
and Eq. 4.5 (PTF from this study) with measured n from the database. 
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Fig. 4.39.  Comparison of n predicted with the artificial neural network of Schaap et 

al. (1997) (ROSETTA) and Eq. 4.5 (PTF from this study) with measured 
n from the database. 
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Fig. 4.40. Comparison of n predicted with Eq. 2.6 (PTF from Tinjum et al. 1997) 
and Eq. 4.5 (PTF from this study) with measured n from the database. 
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In general, all of the PTFs predicted n within a reasonable range, but a 

strong relationship between predicted and measured n does not exist for any of the 

PTFs, including the PTF developed in this study (Eq. 4.5). The most accurate 

predictions of n were made using the PTF in Mayr et al. (1997), ROSETTA, and 

with Eq. 4.5. Predictions of n made with the PTF in Rawls et al. (1992) and Tinjum 

et al. (1997) were lower than the measured n. The poor correspondence between 

the predicted and measured n indicates that more study is needed to understand 

the factors affecting n for engineered fill soils.    
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SECTION FIVE 

SUMMARY AND CONCLUSION 

 

Hydrologic properties of cover soils from ten sites in the Alternative Cover 

Assessment Program (ACAP) were measured and analyzed in this study. Index, 

physical, and hydrologic tests were conducted on 180 soil specimens, and a 

database was created containing the properties that were measured. The 

hydrologic properties that were measured are the saturated hydraulic conductivity 

(ks), and the van Genuchten parameters � and n that describe the soil water 

characteristic curve. 

Relationships between the hydrologic properties (ks, �, and n) and the index 

and physical properties were studied, and equations relating the hydrologic 

properties to the index and physical properties, referred to as pedotransfer 

functions (PTFs), were developed by regression analysis. These PTFs were 

compared to PTFs reported by Rawls et al. (1992), Mayr et al. (1997), Schaap et 

al. (1997), Tinjum et al. (1997), and Mbonimpa et al. (2002). 

The soils used in this study were categorized into 32 groups corresponding 

to layers in the ACAP test sections having similar textural characteristics. Among 

the groups, the soils range between GC and CH (USCS) and S and SiC (USDA). 

Saturated hydraulic conductivity of the soils ranges between 4.0x10-8 and 2.1x10-2 

cm/s. The parameter � ranges between 9.5x10-4 and 4.8x10-1 kPa-1, and the 

parameter n ranges between 1.19 and 7.12. Goodness-of-fit tests showed that 
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within the groups the variability of ks and � can be described by the log-normal 

distribution, and the variability of n by the normal distribution. The standard 

deviation of lnks varies between 0.12 and 4.32 (ks in cm/s), and for ln� the standard 

deviation varies between 0.05 and 2.20 (� in kPa-1). For n, the standard deviation 

varies between 0.01 and 1.24. 

 Graphical analysis of the data showed that ks has a strong inverse 

relationship with compaction water content (wc), but also is inversely related to 

plasticity characteristics (i.e., liquid limit, plastic limit, plasticity index), initial 

saturation, compaction water content relative to optimum water content, and 

relative compaction.  The parameter � has a strong direct relationship with ks, and 

is inversely related to 2 �m clay content, plasticity characteristics, and compaction 

water content relative to optimum water content. The parameter n is less sensitive 

to physical and index properties than ks and �. A modest inverse relationship exists 

between n and plastic limit, whereas a modest direct relationship exists between n 

and compaction water content relative to optimum water content and organic 

matter content. One of the reasons why few trends were found for n is its relatively 

narrow range. For the fine textured soils in this study n typically varies between 1.2 

and 1.8. A broader range exists for the clean sands that were tested (3.9-7.1), but 

the clean sands make up a small fraction (6%) of the database. 

The PTF for ks (Eq. 4.3) contains dry unit weight (�d), initial saturation (Si), 

liquid limit (LL), and compaction water content (wc), and has a bias of 0.0137, a 

standard error of 0.9197, and a R2 of 0.441. The PTF for � (Eq. 4.4) contains the 
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saturated hydraulic conductivity (ks), 2 �m clay content, and the plastic limit (PL), 

and has a bias of -0.0117, a standard error of 0.3918, and a R2 of 0.258. The PTF 

for n (Eq. 4.5) contains organic matter content (Oc) and optimum water content 

(wopt), and has a bias of 0.0052, a standard error of 0.2494, and a R2 of 0.055. 

Analysis of the PTFs developed in this study and the PTFs reported by 

Rawls et al. (1992), Mayr et al. (1997), Schaap et al. (1997), Tinjum et al. (1997), 

and Mbonimpa et al. (2002) showed that none of the PTFs are capable of making 

accurate predictions of ks, �, or n. For some of the PTFs, no apparent relationship 

exists between the predicted and measured hydrologic properties. Discrepancies 

between the measured properties and the properties predicted using the PTFs 

from the literature are due to the differences between engineered fill soils used for 

alternative covers and the natural, agricultural, or manufactured soils that form the 

basis of the PTFs in the literature. The PTFs developed in this study generally 

provided better predictions of the hydrologic parameters of cover soils, but their 

accuracy is not adequate to eliminate the need for laboratory testing. 
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Table A1.  Groups of soils from the ACAP test sections. 
          

Group # Site* Cover Type* Test Section* Lifts* 
1 Sacramento, CA Alternative (1) KF1 L2, L3 
    Alternative (2) KF2 L2 
2 Sacramento, CA Alternative KF2 L3, L4, L5, L6 
3 Sacramento, CA Alternative (1) KF1 L1 
    Alternative (2) KF2 L1 
4 Helena, MT Alternative LW1 L7 
5 Helena, MT Alternative LW1 L3, L4, L5, L6 
6 Polson, MT Conventional LC1 L5 
7 Polson, MT Conventional LC1 L4 
8 Polson, MT Conventional LC1 L2, L3 
9 Polson, MT Alternative LC2 L6 
10 Polson, MT Alternative LC2 L4, L5 
11 Polson, MT Alternative LC2 L2, L3 
12 Albany, GA Conventional ALB1 L5 
13 Albany, GA Conventional ALB1 L2, L3, L4 
14 Albany, GA Conventional ALB1 L1 
15 Albany, GA Alternative ALB2 L4, L5 
16 Albany, GA Alternative ALB2 L2, L3 
17 Albany, GA Alternative ALB2 L1 
18 Omaha, NE Alternative (1) DC1 L4 
    Alternative (2) DC2 L5 

19 Omaha, NE Alternative (1) DC1 L3 
    Alternative (2) DC2 L3, L4 

20 Omaha, NE Alternative (1) DC1 L2 
    Alternative (2) DC2 L2 

21 Omaha, NE Alternative (1) DC1 L1 
    Alternative (2) DC2 L1 

22 Cedar Rapids, IA Ecap BLU3 L4, L5 
23 Cedar Rapids, IA Ecap BLU3 L2, L3 
24 Cedar Rapids, IA Ecap BLU3 L1 
25 Boardman, OR Alternative (1) FB1 L2, L3, L4, L5 
26 Boardman, OR Alternative (1) FB1 L1 
27 Altamont, CA Alternative ALT2 L4 
28 Altamont, CA Alternative ALT 2 L2, L3 
29 Altamont, CA Alternative ALT 2 L1 
30 Monterey, CA Conventional MPL1 L4 
    Alternative MPL2 L2, L3, L4 

31 Monterey, CA Conventional MPL1 L1 
    Alternative MPL2 L1 

32 Monticello, UT Alternative MON1 L2, L3, L5 

*Refer to Figs. A1-A10 for site, cover type, test section, and lifts. 
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Fig. A1.  ACAP test sections at Altamont, CA. 
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Fig. A2.  ACAP test sections at Albany, GA. 
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Fig. A3.  ACAP test sections at Cedar Rapids, IA. 
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Fig. A4.  ACAP test sections at Omaha, NE. 
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Fig. A5.  ACAP test sections at Polson, MT. 
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Fig. A6.  ACAP test section at Helena, MT. 
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Fig. A7.  ACAP test sections at Boardman, OR. 
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Fig. A8.  ACAP test sections at Sacramento, CA. 
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Fig. A9.  ACAP test section at Monticello, UT.  
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Fig. A10.  ACAP test sections at Monterey, CA. 
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