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FOREWORD

This report describes the design, construction
and evaluation of devices and procedures for measuring
the in-situ permeability of base and subbase courses.
The report will be of interest to engineers concerned
with subsurface drainage.

This is the report of the study conducted by
West Virginia University for the Federal Highway
Administration, Office of Research, Washington, D.C.,
under contract DOT-FH-11- 9060 . This report covers the
research completed May 31, 1979. Based on the results
of the study, it was concluded that the field permeability
testing device provides a convenient means for the
determination of the in-situ coefficient of permeability
with satisfactory accuracy and reproducibility. The
device utilizes electrical conductivity probes to measure
the velocity of flow through the granular material. The
probes also serve as pressure taps for head measurements.

FHWA appreciates the assistance of the Kentucky,
Maryland, Michigan, North Carolina, Ohio, Pennsylvania,
and Tennessee Departments of Transportation and the West
Virginia Department of Highways, in making field sites
available and in providing other assistance to the
researchers

.

The report will be sent to members of the TRB
Committee on Subsurface Drainage and members of the
FCP team, including engineers in the State and FHWA
field offices, who were involved in the field testing
program.

Additional copies are available from the National
Technical Information Service (NTIS), Department of Commerce,
5285 Port Royal Road, Springfield, Virginia 22161. A small
charge is imposed for copies provided by NTIS.

%hfa*4fa

Charles F. SJcheffey
Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Department of

Transportation in the interest of information exchange. The United States

Government assumes no liability for its contents or use thereof. The

contents of this report reflect the views of the contractor, who is

responsible for the accuracy of the data presented herein. The contents

do not necessarily reflect the official views or policy of the Department

of Transportation. This report does not constitute a standard, specification,

or regulation.

The United States Government does not endorse products or manufacturers.

Trade or manufacturers 1 names appear herein only because they are considered

essential to the object of this document.
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INTRODUCTION

There is some evidence that even the earliest road builders were

aware of the need for adequate subsurface drainage (96,97). Certainly

by the middle of the 18th century, it was understood that appropriate

subsurface drainage was absolutely necessary for the satisfactory

long term performance of roadways. The subsequent introduction of

' french drains' and the pavement systems of Tresaquet and MacAdam

shows not only an understanding of the problem, but an attempt to

incorporate into the roadway design formal measures for the satis-

factory removal of water from the pavement structure and subgrade

(87,96). In the years following these early beginnings, the number

of published accounts of research dealing with highway subsurface

drainage has undergone a substantial growth (33,34). In addition,

there has been a steady growth in the knowledge and availability of

solutions to problems of fluid flow through porous media (4, 32,45,

59,92,101). Consequently, we now recognize and understand many of

the problems that can be created by excessive moisture in the sub-

grade and pavement structural section, and we have the means availa-

ble to provide for satisfactory removal of this moisture. Therefore,

it is indeed enigmatic that only relatively recently has it been

clearly demonstrated that current pavement design procedures and

construction specifications do not always provide for the adequate

removal of water from the pavement structural section (33,35,42,108,

114).

Over the years, many highway agencies, in an effort to improve

the strength of their pavement systems, have adopted specifications

that require that bases and subbases be constructed of densely

compacted, well graded, granular materials. While these materials

have high strength when they are unsaturated, they have relatively

low permeability, especially when they contain any significant quan-

tity of material passing the No. 200 sieve (7,33,35). Thus, even



though these granular layers may be properly outletted, they often

cannot carry away the water that gets into them from groundwater and/

or surface infiltration fast enough to prevent saturation (33,35,108).

If such a pavement structural section and its subgrade becomes satur-

ated, its normal ability to transmit the dynamic loading imposed by

traffic can be greatly impaired (8,33,35,60). The result is often

pavement cracking, increased maintenance, reduced pavement life, and

occasionally, complete failure of the pavement.

In an effort to minimize such problems, rational procedures have

been developed (33,35,108) for estimating the amount of water that

gets into the pavement structural section and for designing drainage

layers (permeable bases and/or subbases) to rapidly remove this water.

As part of these procedures, it is necessary that the coefficient of

permeability of the base, subbase and subgrade be known so that its

influence on drainage characteristics can be evaluated and considered

in design. Furthermore, in order for the resulting design of drain-

age layers to be effective, it is necessary that a certain minimum

coefficient of permeability be specified for the granular drainage

layers. To this end, subgrade soils and prospective drainage layer

materials can be sampled, and their coefficients of permeability can

be determined in the laboratory after they have been compacted to the

densities that it is anticipated will be achieved in the field.

These laboratory methods are well known and are considered to be

reliable (6,7,75,124,149). However, there is ample evidence that

relatively small variations in gradation and density, such as those

normally encountered in construction, can produce large changes in

the coefficient of permeability (7,75,76,116,119). Thus, the field

permeabilities of these materials may be quite different than the

values determined in the laboratory. Therefore, it appears logical

to consider the in situ determination of the coefficient of permea-

bility of base, subbase and subgrade materials. In fact, proven and

reliable methods for such determinations must be available before the



coefficient of permeability can be routinely specified in construc-

tion contracts in order to provide for control of materials and

construction practices.

It has long been recognized that a knowledge of the coefficient

of permeability is a vitally important factor in the solution of

practical problems involving seepage in porous media. This is evi-

denced by the large volume of literature dealing with permeability

and its determination (see for example the bibliographies on this

subject in References 34, 67, and 133). However, relatively little

information appears in the literature pertaining to the permeability

of highway base and subbase materials. The works of Barber and

Sawyer (7), Smith, Cedergren and Reyner (116), and Strohm, Nettles

and Calhoun (119) are among the notable exceptions, Moreover, with

the exception of the scheme proposed by Maytin (86) , little or no

effort appears to have been devoted to devising methods specifically

for the in situ measurement of the permeability of highway bases,

subbases, and subgrades.

It was a recognition of the need for such a test method or

methods that led to the award of Contract No. DOT-FH-11-9060 - "In

Situ Determination of Permeability of Base and Subbase Courses". The

overall objective of this research was to develop a test apparatus

and procedure that could be used to determine the in situ permeabil-

ity of highway base, subbase and subgrade materials. Phase I of the

project involved the development and laboratory investigation of

feasible measurement techniques, leading to the selection of one

technique that was used as a basis for the Phase II construction and

laboratory and field evaluation of a prototype field permeability

test device (FPTD) . These phases consisted of specific project tasks

and sub tasks which were outlined as follows:

Phase I

Task A: Literature Review and Evaluation of Existing or New

Techniques



Subtask A-l: Literature Review and Survey of Existing

Techniques

Subtask A-2: Development and Analysis of Existing or New

Techniques

Task B: Design and Construction of Laboratory Test Cells

Subtask B-l: Design of Laboratory Test Cells

Subtask B-2: Construction and Evaluation of Laboratory Test

Cells

Task C: Laboratory Investigation of Promising Techniques

Phase II

Task D: Design and Construction of Prototype Field Permeability

Test Device (FPTD)

Task E: Laboratory Evaluation of FPTD

Task F: Field Evaluation of FPTD

Throughout the course of this work, several very important fac-

tors regarding the nature of the problem and the required operating

characteristics of the prototype FPTD were given special consideration:

1. It was recognized that the flow or seepage domain involving

the highway pavement structural system consists of layered,

nonhomogeneous , anisotropic media; and that of primary con-

cern in designing the drainage of these layers was a know-

ledge of coefficient of permeability (saturated hydraulic

conductivity) in the transverse and/or longitudinal direction

(while keeping in mind the influence of the vertical permea-

bility on the possible amount of surface water that can

infiltrate into and out of the pavement structural system)

.

The overriding influence of the horizontal flow obviously

limits the usefulness of those techniques which measure only

vertical permeability.

2. It was considered desirable that the prototype FPTD be

capable of measuring the coefficient of permeability of indi-

vidual layers varying in thickness from 3 inches (76.2 mm)



to 18 inches (457.2 mm), with coefficients of permeability
-4

ranging from 10 cm/sec to 10 cm/sec, under a variety of

boundary conditions. These boundary conditions included

both initially saturated and unsaturated layers as well as

underlying layers that were either more or less permeable

than the layer being evaluated.

3. It was considered desirable that the measurement technique

adopted be nondestructive or, at least, create minimum

disturbance to the layer being evaluated.

4. It was required that the prototype FPTD be simple to operate

and be rugged and durable for field use.

5. It was also desired that the device be capable of measuring

the coefficient of permeability within a factor of two of

the true permeability ninety percent of the time.

Phase I of the research was completed in December of 1977 and an

Interim Report covering that portion of work has been published (91)

.

Although, for completeness, this report deals with both Phase I and

Phase II of the project, the coverage of the Phase I research is

somewhat abbreviated. For greater detail with respect to Phase I,

the reader is referred to the Interim Report (91)

.

Although it is obvious that the various phases and tasks of the

research outlined above are interrelated, for the sake of clarity,

each of these tasks and aspects has been discussed separately in this

report, the results have then been summarized and some specific

recommendations for further research and development of the FPTD have

been presented.



PHASE I

LITERATURE REVIEW AND EVALUATION OF EXISTING
OR NEW TECHNIQUES (TASK A)

Introduction

The overall objectives of Task A were: (a) to provide as much

information as possible about existing or potential methods of deter-

mining the in situ permeability of base, subbase and subgrade mater-

ials, by means of a thorough literature search; (b) evaluate existing

techniques and/or modifications to existing techniques that might

reasonably be expected to be suitable for such permeability determina-

tions; and, (c) if necessary, investigate and/or develop new techniques

for in situ permeability measurement that might be suitable for field

use on highway bases, subbases and subgrades.

Although it is obvious that the review of literature (Subtask

A-l) and the evaluation of existing or new techniques (Subtask A-2)

are interrelated, for the sake of clarity they will be discussed

separately in the following sections of this report.

Literature Review (Subtask A-l)

The initial approach to the review of literature was to utilize

some existing bibliographies (34,64,67,133) on permeability determin-

ation to identify appropriate references. Each of the pertinent

references, identified in this manner, was obtained, reproduced, and

placed in notebooks, in alphabetical order by author, for future

reference. The reference lists contained in each of these newly

obtained publications were then compiled and all pertinent references

not previously identified were secured, reproduced, and placed in the

literature review notebooks. This process was continued until no

additional pertinent references or cross-references could be identi-

fied.



As an outgrowth of this rather comprehensive process, a large

number of references were collected that relate to the more general

subject of hydraulic conductivity (i.e., permeability) under consider-

ation here. In addition, a number of references were collected that

pertain to the use of electric analogs for modeling flows associated

with in situ permeability determination. Since most of these refer-

ences did not deal specifically with methods of determining the in

situ saturated permeability, they are not listed in the Bibliography.

However, they were included in the bibliography of the Interim Report

(91), and the interested reader is referred to that publication.

Other sources of pertinent literature included the Highway

Research Information Service (HRIS) , National Technical Information

Service (NTIS) and recent issues of the publications in sanitary

engineering, agriculture, soil science, groundwater and seepage,

geophysics, etc.

Since it was recognized that analogies exist between heat

transfer, the flow of electricity, and the flow of fluids in porous

media, some classical references in the area of heat transfer and

electricity were studied. In particular, the works of Smythe and

(2)
Carslaw and Jaeger were given detailed consideration. However, it

was found that these references were of the same general type as the

classical text on seepage in porous media by Muskat (92) . Although

the indicated references were helpful in defining general mathemati-

cal approaches to analytical solutions for the problem, they were of

little use in suggesting specific methods that might be used for in

situ permeability determination.

Static and Dynamic Electricity , McGraw Hill, New York, 1939.

(2)
Conduction of Heat in Solids , 2nd Edition, Oxford University
Press, New York, 1959.



A detailed review of the papers that were found to deal

specifically with existing methods of in situ permeability deter-

mination showed that the methods could be grouped into a relatively

small number of categories as outlined in Table 1. It is clear,

from the summary presented in Table 1, that most of the existing

methods for in situ permeability determination do not satisfy one

or more of the performance criteria outlined in the INTRODUCTION,

and, therefore, are not directly applicable to the in situ deter-

mination of the permeability of highway bases and subbases. For

this reason, and for the sake of brevity, no attempt has been made

to present details of the various test methods, including analy-

tical considerations, equipment, procedures, etc. Copies of most

of the papers cited in Table 1 are contained in the alphabetized

literature review notebooks maintained in the Department of Civil

Engineering at West Virginia University. In addition , many of the

primary references (see footnote e in Table 1) have been summarized,

and these summaries, which contain detail on the test methods,

derivations of the governing equations, schematic diagrams, etc.,

are also contained in the project files at West Virginia University.

A careful evaluation of the information summarized in Table 1,

and the criteria contained in the INTRODUCTION, indicated that only

the two and four well systems (see References 38, 39, 70 and 118)

would be worthy of further consideration relative to the in situ

determination of the permeability of highway bases and subbases. In

addition, it was also found that the concept embodied in the shoulder

permeability test method, suggested by Maytin (86), had some promise.

However, at the present time, the use of changing conductivity of

the soil as an indicator of the movement of water in a transient

(time dependent) unconfined flow problem is lacking an adequate

mathematical explanation in terms of an appropriate theoretical

solution. This concept did suggest that the change in soil conduc-

tivity associated with the flow of pore water with a salt

8
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concentration different than that of the natural pore water might be

an effective means of measuring the seepage velocity between two

points and, thus, lead to a direct application of Darcy's law for

determination of permeability. Indeed, it was found that this

principle had been used by Szily (120) in the study of the permea-

bility of undisturbed sand samples and by Bouwer and Rice (26) and

by Denisov (44) in the determination of the velocity of flow between

two points in a natural soil deposit. Wenzel (133) even referred to

the development of this method by Slitchter as described in a

paper published as early as 1902. This approach will be given more

detailed attention in subsequent sections of this report.

Development and Analysis
of Existing or New Techniques (Subtask A-2)

Introduction

The first step initiated during work on this Subtask was to

consider existing techniques for in situ permeability determination

that might have some promise for direct application, or might be modi-

fied for use with bases and subbases. As implied in the previous

section of this report (see Table 1 and the accompanying discussion)

,

none of existing methods satisfied all of the required criteria for

use in determining the permeability of bases and subbases for the

specified boundary conditions. However, further consideration of

the two well (38,39,70) and four well methods (70,118) suggested

that some use of the concepts embodied in these methods might be

useful in developing a modified or new technique. Thus, considerable

effort was devoted to the development and analysis of a possible tech-

nique that would involve the flow between two vertical wells or

horizontal slots, with water being pumped from one into the other.

Slitchter, C.S., 1902, The Motion of Groundwater, U.S. Geological
Survey Water-Supply Paper No. 67, pp. 48.
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For convenience, this general method will hereafter be referred to as

the "circulation technique".

As noted in the preceding section of this report, the works of

Maytin (86) , Szily (120) , Bouwer and Rice (26) , and Denisov (44)

suggested that it might be possible to use measured changes in elec-

trical conductivity to determine the seepage velocity between two

points in the flow domain. It was felt that if a reliable technique

could be developed for measuring the velocity between the two points

in this manner and the head loss between the two points could be

measured or determined analytically, then Darcy's law could be used

to compute the coefficient of permeability. Thus, this "velocity

technique" was studied extensively.

Circulation Technique

Although it was recognized from the outset that the circulation

technique was only applicable once saturated steady state flow was

established between the vertical wells or horizontal slots, this

restriction was temporarily set aside, and the primary effort was

directed at overcoming the other limitations of the two well (38,

39,70) and four well (70,118) methods; i.e., that flow must take

place in a homogeneous, isotropic porous medium with an impervious

lower boundary located at a finite depth. It was found that these

limitations could be overcome and, at least in principle, a solution

could be obtained for the circulation of flow between vertical wells

in a stratified anisotropic medium. However, this approach was

abandoned as being impractical as soon as it was recognized that the

solution for the permeability of any one layer was dependent upon a

knowledge of the permeability of the other layers.

In order to study a system that could possibly minimize the

effects of stratification, a mathematical solution was developed for

the circulation of flow between a horizontal line hemi-source of

finite length and a horizontal line hemi-sink of equal length and

11



strength located at the same depth in the flow domain beneath a

horizontal impervious boundary. Using this solution, it was found

analytically (and verified by electric analog) that, by properly

controlling the system parameters , essentially horizontal flow

could be maintained within relatively narrow limits. Thus, for prac-

tical purposes, the flow could be limited to a single layer of base

or subbase and the effects of stratification and anisotropy could be

minimized. It was envisioned that, in field use, the test setup

would be essentially as shown schematically in Figure 1.

Theoretically, this system would work if initial saturation

existed, or could be established, and steady state flow could be

maintained for a sufficient period of time to obtain reliable

measurements of flow rate and head loss between the rectangular

injection and ejection tubes. However, further evaluation of the

method revealed the following disadvantages:

1. The problems associated with establishing saturated steady

state circulation of flow in initially unsaturated base or

subbase layers appeared to be insurmountable;

2. The theoretical solution would have to be corrected to take

into consideration the head losses associated with flow

through the injection and ejection orifices, as well as any

head losses associated with clogging of the pores near the

,. (2)
injectxon tube ;

These include: (a) the length and width of the slots in the
injection and ejection tubes, (b) the spacing between tubes, (c)

the depth of the slots beneath the impervious surface, and (d)

the lateral extent of the impervious surface covering.

(2)
These problems could be eliminated or, at least, minimized by
determining the head loss between two intermediate wells, as in
the four well method (118)

.

12
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3. A small additional correction would have to be established

experimentally, or by electric analog, to account for the

effects of severe stratification; i.e., the effects of adja-

cent layers of substantially lower or higher permeability;

and

4. It would be extremely difficult to establish (in advance) and

maintain pumping rates that would insure that laminar flow

would exist. Since the theoretical solution is based on

the validity of Darcy's law, such a condition would have to

be satisfied.

For the sake of brevity and clarity, no attempt has been made

here to reproduce the mathematical derivations and analyses associ-

ated with the development and evaluation of the circulation technique.

However, these mathematical developments are contained in the pro-

ject files at West Virginia University.

Velocity Technique

As noted above, the velocity technique involves the direct

application of Darcy's law, which can be stated as

v = ki,

where v is the discharge velocity, k is the coefficient of permeabil-

ity (in units of velocity) , and i is the dimensionless hydraulic

gradient. The hydraulic gradient, i, can be expressed in finite

difference form as

. Ah

where Ah is the loss in total head between two points on a flow

path (streamline) in the flow domain and L is the distance measured

along the flow path between these two points. Furthermore, the

discharge velocity, v, can be expressed as

14



v = n • v ,

P

where v is the seepage velocity (i.e., the actual average velocity
P

of flow within the pores of the soil) and n is the porosity of the

soil. Thus, Darcy's law can be rewritten and solved for the per-

meability, k, to give:

n • v
k =

Ah/L

Having arrived at this stage, the further development of the

velocity technique required: (a) a method for the establishment of

saturated steady state flow within the layer of base or subbase to

be evaluated; (b) a method for measuring the average seepage velo-

city, v , along a flow path between two points, a known distance,

L, apart; (c) a method for determining the head loss, Ah, between

these two points; and (d) a method for determining the in situ

porosity, n, of the base or subbase being evaluated.

Establishment of saturated steady state flow . Although several

possible schemes were studied, it was ultimately concluded that the

simplest method of establishing saturated steady state flow was by

injecting water under constant head through a perforated injection

tube located in the center of a circular plate as shown in Figure 2.

Flow net studies, conducted using electric analogs, showed that

the flow pattern and, thus, the configuration of streamlines and

equipotential lines could be controlled by regulating the plate

diameter and injection depth relative to the existing boundary con-

ditions; i.e., the base and subbase layer thicknesses and their

relative permeabilities. Ideally, it was desired to create a flow

pattern such that the streamlines, within a certain zone in the top

layer (i.e., the one being evaluated), would be essentially parallel

to the surface. The flow net presented in Figure 2 shows that this

condition can best be achieved by injection of water over the full

15
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depth of the layer when it is underlain by an impervious stratum or

one of much lower permeability. However, the flow net presented in

Figure 3 shows that full depth injection is not absolutely necessary

under these boundary conditions in order to establish a sizeable

zone of essentially horizontal flow. When the layer under investi-

gation is underlain by one of higher permeability, the plate diam-

eter and injection depth become more critical, as illustrated in

Figure 4. However, studies indicated that this problem was not

serious and could be overcome by optimizing the combinations of

plate size and injection depth for actual field use under the speci-

fied range of boundary conditions.

Measurement of seepage velocity . Initially, several techniques

for the measurement of the average seepage velocity, v , between two
P

points on a streamline were investigated. However, all of these

techniques involved the introduction into the flow domain of a

tracer of some kind and the use of a pair of sensor probes to deter-

mine the time required for the tracer to flow between them. The

average seepage velocity could then be expressed as

L
v = —

»

P t

where L is the distance between the sensor probes and t is the

measured time required for the water containing the tracer to move

between the two probes.

Although some consideration was given to the use of nuclear

tracers and detectors, the potential complexity of the system and

its attendant instrumentation led to the abandonment of this method

in favor of the much simpler electric conductivity probes (26,44,86,

120). In this scheme, once saturated steady state flow has been

established, a quantity of electrolyte solution is introduced through

the injection tube and electric conductivity probes are used to time

the rate of flow between two selected points on a streamline.

17
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Three different combinations of conductivity probes and detector

devices were considered. At first, a three wire probe was used, and

the change in conductivity in the flow media was indicated by a

change in recorded potential within the circuit (see Figure 5a) . A

simpler and more sensitive two wire probe with a recorder indication

was also investigated (see Figure 5b). Typical recorder traces pro-

duced by the three wire and two wire probes are shown in Figures 6a

and 6b, respectively. Unfortunately, the recorder response for both

of these systems is dependent upon a great many factors including the

initial conductivity of the flow medium, the chemical composition

and concentration of the electrolyte solution, the rate at which

dispersion and diffusion of the electrolyte take place, the recorder

sensitivity setting, the recorder chart speed, etc. Furthermore,

the anticipated use of a relatively complex recorder system under

field conditions raised considerable doubt with respect to the relia-

bility, economy and overall efficacy of these techniques. There-

fore, the direct indication of conductivity, using a two wire probe

and a microammeter, was investigated. After some experimentation,

this technique was judged to be the simplest, most effective, and

most economical for both laboratory and field use.

Determination of head loss . Two possible methods were consi-

dered for determining the head loss, Ah, between the velocity mea-

suring probes in the flow domain: (a) the analytical (mathematical)

evaluation of the head loss between the two points as a function of

the measured flow rate and total head loss through the system, and

(b) the direct measurement of the head loss between the two points.

Although it was found that, in principle, a solution to the

general class of radial flow problems under consideration (see

Figures 2, 3, and 4) could be obtained, it was concluded that the

rather complex solution that resulted would be of little practical

value, since the calculation of the head loss was dependent upon a

knowledge of the ratio of the permeabilities of the various layers

20
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in the flow domain. Therefore, it was decided that the head loss,

Ah, would be determined by direct measurement of the fluid pressures

at the ends of the electric conductivity probes. After some experi-

mentation, it was found that this could be accomplished very simply

by the use of a manometer or differential pressure gage (DPG)

connected to pressure taps incorporated into the electric conducti-

vity probes, as illustrated in Figure 7. The configuration of the

electric conductivity probe was subsequently modified based on the

experience gained in Tasks C and D.

Determination of porosity . The porosity, n, of the layer under

consideration can be determined from the well known relationship

s w

where Y, Is the dry density of the soil, G is the specific gravity

of the soil solids, and Y is the unit weight of water. In general,
w

all of the quantities on the right hand side of this equation are

either specified or known within reasonable limits for the base and

subbase materials being used on highway construction in any parti-

cular area. If necessary, the dry density can be measured with

little or no disturbance using well known techniques employing a

nuclear moisture-density gage.
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DESIGN AND CONSTRUCTION OF LABORATORY TEST AREAS (TASK B)

Introduction

The laboratory permeability test areas were designed and con-

structed to permit testing and evaluation of the proposed field

permeability testing device (FPTD) . Based on certain performance

and construction requirements as well as physical limitations, two

separate test cell systems were selected to comprise the test area.

One of the systems was designed for use with low permeability base

and subbase materials whereas the other was designated for use with

high permeability base and subbase materials. However, the general

performance requirements and operational features of both systems

were essentially the same. Each test cell system consists princi-

pally of three subsystems:

1. The individual cell subsystem: their size, configuration,

structural components, and support.

2. The hydraulic circulation subsystem: components, sizes,

and configuration.

3. The saturation/underdrainage subsystem: size, components,

and configuration.

This portion of the report contains an outline of the general design

and operational requirements for the laboratory permeability test

cell systems and a brief description of the physical and operational

features of the systems. The details of the design, construction and

operation of the systems are presented in Appendix A.

Design, Construction and Operational Requirements

The following requirements were established for the laboratory

test cells. The criteria are organized as they relate to the three

subsystems.
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Individual Cell Subsystems

The physical features of the individual cells were based on the

following considerations:

1. It should permit the simulation of a full scale pavement

_. (1)
sectxon.

2. Its boundaries should not influence the flow condition intro-

duced by the FPTD and, hence, the permeability of any or all

of the soil layers adversely.

3. It should permit the establishment of steady sheet flow

through the pavement section to facilitate the evaluation of

the permeability of the simulated pavement layers.

4. The water head should be able to be controlled across the

simulated pavement section.

5. It should permit ease of measurement of flow through the

simulated pavement section,

6. It should permit slow and uniform saturation of soil from

the bottom.

7. It should be constructed with relative ease and should be

light enough to be handled by the overhead crane in the

laboratory.

8. A sufficient number of cells should be provided to permit

testing a variety of aggregate/soil layer combinations

while minimizing time and material handling requirements.

Hydraulic Circulation Subsystem

The following operational criteria were considered in the design

of the hydraulic circulation system:

Conventional highway standards and practice indicate that the
cross slopes of the highway pavement would not be more than
10 percent.
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1. The hydraulic circulation system should be capable of supply-

ing the test cells continuously with a sufficient quantity

of water.

2. It should provide for accurate measurement of the flow,

3. It should be economical in its use of water.

4. It should be easy to work with.

5. It should be fail-safe.

Saturation/Underdrainage Subsystem

The design of the saturation/underdrainage subsystem was governed

by the following criteria:

1. It should saturate the soil slowly and uniformly without

disturbing it.

2. It should be controlled so that a constant level of satura-

tion could be maintained.

3. It should be able to act as a subsurface drainage system.

Physical and Operational Features

Based on the criteria summarized in the previous sections as well

as certain physical and equipment limitations, a laboratory permeabil-

ity testing system was designed that consisted of two independent sets

of three concrete test cells and their associated hydraulic circula-

tion and saturation/underdrainage subsystems. As noted earlier, one

of the systems was designed for use with low permeability base and

subbase materials and the other was designed for use with high permea-

bility bases and subbases. The physical features of the individual

test cells comprising these systems are illustrated in Figure 8. An

overall view of the high permeability cell system, showing the indi-

vidual cells and hydraulic circulation system, is shown in Figure 9.

Figure 10 illustrates schematically the basic cell and hydraulic

configuration that is common to both high permeability and low permea-

bility systems. Operationally, the system functions as follows:

Water from the sump tank (B) is pumped (A) to the upstream constant
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head tank (C) which in turn delivers it to the upstream water pool (D)

of the cell (E) . The water level in the downstream water pool (J) is

maintained by the downstream constant head tank (G) . Overflow from

both the upstream and downstream constant head tanks (C and G) is

returned by gravity to the sump tank (B) . Uniform sheet flow through

the simulated pavement layer is produced by tilting the tank to a

slope consistent with the gradient established by the differential

levels in the upstream and downstream constant head tanks. To permit

a gravity return of water from the overflow pipes, the system of

three cells was placed on wide-flanged steel beams. Valves were

placed in appropriate locations to permit any combination of indepen-

dent or coupled-cell operation. In addition, a direct valved return

line from the pump permits a coarse flow adjustment, thus minimizing

the amount of required overflow. The tank (H) connected to the pipe

network in the base of the cells supplies the necessary amount and

level of water for saturation purposes.
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LABORATORY INVESTIGATION OF PROMISING TECHNIQUES (TASK C)

Introduction

The work on this task was conducted, in part, simultaneously with

the work on Subtask A-2 (The Development and Analysis of Existing or

New Techniques). As the work on these tasks progressed, it became

evident that only the velocity method, previously described in the

discussion of Subtask A-2, and illustrated in Figure 7, was worthy of

further laboratory investigation. This investigation was conducted

in two phases. First the components of the system (i.e., the electric

conductivity probes, for use in determining the velocity of flow, and

the pressure taps, for determining the head loss between probes) were

evaluated in an extensive series of permeameter tests. Then, a pre-

liminary prototype FPTD was fabricated, and its use was evaluated

under simulated field conditions in the test cells designed and con-

structed during the performance of Task B.

Permeameter Test Series

The initial experimentation in this test series was directed at

the development of a suitable conductivity probe for use in determin-

ing the velocity of flow. The early tests were conducted in a simple

constant head permeameter constructed from plastic pipe. The con-

ductivity probes were fabricated and inserted through the side of

the permeameter so that their tips would be located in the soil along

the axis of the permeameter. Epoxy putty was used to affix the

probes to the permeameter and prevent leakage. The soil samples

were saturated from the bottom up by gradually raising the level of

the water in the sample. Once the samples were saturated, a constant

differential head was applied to the specimen, reversing the flow

direction, and observations of the flow rate were made to assure

that steady state flow conditions were achieved. A quantity of salt

solution was then introduced into the flow while maintaining the
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head constant. A special effort was made to introduce the salt solu-

tion abruptly, but without interrupting the flow or creating local

changes in hydraulic gradient. The time required for flow between

the two probes was taken as the time which elapsed between the first

indication of conductivity change in upstream and downstream probes

(see Figure 6) . It was recognized immediately that this procedure

introduced some error into the velocity determination, because of the

effects of hydrodynamic dispersion and diffusion of the salt solu-

tion. Thus, the apparent velocity of flow between the two probes,

as measured by the initiation of conductivity change, was slightly

higher than the actual average velocity of flow as determined in

the constant head permeameter. Although this error might have been

minimized or eliminated by measuring the elapsed time between peak

conductivity changes (26) , in many cases the response curves were so

flat that it was difficult to determine, with reasonable accuracy,

where the peak conductivity change had actually occurred. It was

found, however, that the magnitude of this error was time dependent

and could be minimized by using a combination of probe spacing and

hydraulic gradient that permitted the test to be run in the shortest

possible time. It was also found that, of all the electrolyte solu-

tions tested, the best results were achieved using an ammonium

chloride (NH.C1) solution consisting of 25 milligrams of ammonium

chloride in 100 milliliters of water.

As noted earlier, in the discussion of Subtask A-2, three dif-

ferent combinations of conductivity probes and indicator systems were

investigated. In all cases, the probes consisted of insulated copper

wires encased in 3/16 inch (4.8 mm) diameter brass tubing for protec-

tion and for ease of insertion into the soil. Initially, the three

wire probe system (Figure 5a) was used, with the change in conducti-

vity being indicated by a change in electric potential measured on a

chart recorder (Figure 6a). However, the sensitivity of this system

was found to be dependent, in part, upon the rate of flow between the
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individual wires constituting the probe. Although these wires were

spaced very close together, less than 1/16 inch (1.6 mm) on centers,

for low permeability soils tested at relatively low hydraulic gradi-

ents, the time response and, thus, the sensitivity of this system

became unacceptable. This sensitivity was greatly improved by using

a two wire probe (Figure 5b) with the change in conductivity also

being indicated by a change in electric potential displayed on a

chart recorder (Figure 6b). However, as indicated earlier, both of

these probe systems were eventually abandoned in favor of a simpler,

more reliable, and more economical two wire probe system, using a

microammeter to indicate the change in conductivity (see Figure 7)

and a stopwatch to determine the time required for flow between

probes.

During the course of the investigations described above, it was

found that the range of soils that could be studied was limited by

the maximum differential head that could be maintained practically

in a conventional constant head permeameter. Consequently, a modi-

fied constant head permeameter was assembled that would permit the use

of the higher hydraulic gradients required for the evaluation of the

permeability of relatively fine grained and well graded soils (i.e,,
-4

those with permeabilities approaching 10 cm/sec). In this device,

the differential head was maintained essentially constant by means

of a large water supply reservoir. The pressure in the electrolyte

supply reservoir was also controlled by this system, so that the flow

of electrolyte could be initiated without changing the flow rate or

introducing any local changes in the hydraulic gradient within the

system.

As soon as it became evident that the change in head, Ah,

between probes could not be determined analytically, the conductivity

probes were redesigned to include pressure taps, as illustrated sche-

matically in Figure 7. The head loss between the two probes was

determined using a mercury manometer. Although this system proved
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to be satisfactory for the permeameter test series and for use in the

preliminary prototype FPTD, it was found that greater sensitivity

could be obtained by the use of Capsuhelic Differential Pressure Gages,

manufactured by Dwyer Instruments, Inc. Several of these gages of

different sensitivities were purchased, and it was anticipated that

they would be substituted for the manometer system in the prototype

FPTD.

In an effort to investigate the effect of gravity on the flow

system during the movement of the higher specific gravity salt solu-

tion, a series of horizontal permeameter tests were conducted using

the equipment described above. However, no significant differences

were observed between the results of these tests and those in which

the flow was vertical.

As a result of the investigations described above, a large

number of tests of the velocity technique were performed in the

modified constant head permeameter, resulting in a substantial amount

of data. The two wire electrical probe with pressure tap, used for

most of these tests, is shown in Figure 11 and an overall view of

the permeameter test setup is shown in Figure 12. The resulting data

are summarized in graphical form in Figure 13, which shows the compar-

ison between the coefficient of permeability (k ) measured with the

modified constant head device, and that determined with the velocity

technique (k ) using the two wire electrical probe system. These

data were analyzed statistically using the Statistical Analysis

System (SAS Package) developed by A. T. Barr and J. H. Goodnight.

The linear regression equation established by this analysis (shown

as the solid line in Figure 13) can be expressed as

k 0.64k°- 958

ch p

This equation represents a very good fit to the experimental data, as
2

evidenced by a coefficient of determination (r ) of 0.991 and a
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coefficient of variation (CV) of 5.08 percent. However, a comparison

of the regression line for the data (shown solid) and the 45° line

(shown dashed) clearly indicates that the velocity method, using the

electrical conductivity probe system, produced a slight over predic-

tion of the coefficient of permeability. As noted earlier, this

effect is produced as a result of dispersion and diffusion phenomena

associated with the movement of the electrolyte through the soil. In

an effort to provide a reliable means of correcting for this effect,

both theoretical and experimental studies were undertaken. However,

it was found that there were so many factors that exerted an influence

on dispersion and diffusion that a simple, practical correction for

the effect of these phenomena could not be obtained theoretically.

Thus, it was concluded that ultimately it might be necessary to

resort to the use of a simple empirical correlation, such as that

embodied in the regression equation presented above, as a means for

correcting the observed values, In any event, judging from the 95

percent confidence band shown in Figure 13, it was judged that the

proposed measurement system showed great promise in terms of being

able to satisfy specified performance criteria.

Simulated Field Condition Tests

Prior to the evaluation of the preliminary version of the FPTD

using the low permeability test cell system, a series of cell tests

were conducted on three different materials. Although the primary

purpose for undertaking these tests was to evaluate the FPTD, it

also offered an opportunity to check the operation of the low permea-

bility laboratory test cell system. Because of a trucking strike

during the period of these tests, only a limited number of materials

were available: a washed river gravel, a "crusher-run" limestone

aggregate, and a silica mortar sand. On the basis of the test cell

results, the silica mortar sand was selected for evaluation of the

FPTD. The following discussion will first summarize the series of
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cell tests and, secondly, describe the results of the tests using

the FPTD.

Laboratory Test Cell Test Series

Since the high permeability test cell system was not completed

at the time of this test series, the low permeability cell system

had to be utilized. It was subsequently determined that this circum-

stance limited the testing that could be accomplished.

Initially, the river gravel was placed in the LPCS cell having

the independent return pipe. Laboratory permeability measurements on

this material, run for comparison purposes using the time-lag permea-

meter (7) , "indicated a coefficient of permeability in the range of

4.5 to 5.0 cm/sec. It should be noted, however, that during this

test the timing period was less than that recommended for accurate

measurement (7). The gravel was placed in two, approximately 6 inch

(152.4 mm) thick lifts and compacted with multiple passes of the

hand-operated vibratory plate compactor to an average total thickness

of 1.12 feet (341.4 mm). Because of the uniform gradation character-

istics and rounded particles of the material, effective compaction

was difficult. Based on the results of rodded laboratory compaction

tests, it was estimated that the in place dry density and porosity
3

were approximately 97 pcf (1553.8 kg/m ) and 40 percent, respectively.

Following saturation of the layer, the upstream end of the tank was

raised and chocked to produce a slope of 7 percent. In addition,

the overflow levels in the upstream and downstream CHT's were

adjusted to produce a hydraulic gradient compatible with the slope

of the tank (i.e. ,0.07). For the measured flow rate of 12 gpm (7.571
-4 3

x 10 m /s) and the assumption of steady state sheet flow, the calcu-

lated coefficient of permeability was 2.07 cm/sec. Since this value

was not too different from the value determined on the basis of the

time-lag permeameter, it was felt that the operation and accuracy

of the cell system was adequate,
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Although the coefficient of permeability of the river gravel

fell within the limits specified by the project, it was not utilized

for the FPTD evaluation test series for the following reasons: (a)

the small head loss could not be measured accurately with the mercury

manometer system and (b) the sensing probes had not yet been developed

to the point that they could be inserted into the coarse aggregate

without being damaged. Thus, a silica mortar sand and crushed lime-

stone aggregate were obtained for consideration and use for the

evaluation tests. Preliminary measurements with the test cell indi-

cated the limestone aggregate to be unsatisfactory for the same

reasons cited previously for the river gravel, hence the mortar sand

was selected for the FPTD evaluation tests.

The mortar sand was placed in the cell in three loose lifts and

compacted with the hand-operated plate vibrator to an average total

thickness of 1.23 feet (374.9 mm). Following saturation of the layer,

the average wet density and moisture content were found to be 118.5
3

pcf (1898.2 kg/m ) and 26.9 percent, respectively, using a Troxler

2400 Series nuclear moisture-density gage. The porosity of the

mortar sand was determined to be 43.5 percent.

For the initial cell permeability tests on the mortar sand, the

cell was tilted and the CHT overflow pipes adjusted to develop steady

state sheet flow at a hydraulic gradient of 0.05. Subsequent to the

establishment of steady state flow conditions, flow measurements

(using the manual method) yielded a flow rate of 0.167 gpm (1.054 x
-5 3

10 m /s) for a depth of flow of 1.00 feet (304.8 mm). Using

Darcy's law, the coefficient of permeability was determined to be

0.0451 cm/sec. A subsequent series of four tests conducted at a

hydraulic gradient of 0.058 and a flow depth of 0.96 feet (292.6 mm)

yielded flow rates ranging from 0.192 to 0.197 gpm (1.211 to 1.243 x
-S3 -5 3

10 m /s) for an average of 0.195 gpm (1.230 x 10 m /s) . The

corresponding coefficient of permeability values ranged from 0.0468

to 0.0481 cm/sec for an average value of 0.0474 cm/sec.

41



The same mortar sand was also tested using the laboratory modified

constant head permeameter and the electric conductivity probe system

with pressure taps and manometer. The coefficient of permeability

values from the constant head test ranged from 0.0092 to 0.0102 cm/sec

for an average value of 0.0095 cm/sec. The probe system gave values,

uncorrected for dispersion and diffusion, ranging from 0.0082 to 0.0108

cm/sec for an average value of 0.0098 cm/sec. The porosity of the sand

was 37.5 percent.

Prototype FPTD Test Series

Subsequent to the tests previously described, the preliminary

prototype FPTD was utilized to determine the coefficient of permea-

bility of the mortar sand layer located in the test cell. Figure 14

is a photograph of the preliminary FPTD positioned on top of the layer

of mortar sand for the velocity (coefficient of permeability) deter-

mination tests. Labels on the photograph indicate the detailed com-

ponents of the FPTD. Also noted in the photograph is the filter

fabric that was utilized on the upstream and downstream faces of the

sand layer to prevent possible erosion and piping losses.

Five separate velocity measurements were made, two of which were

at the same hydraulic gradient while the other three were at different

gradients. Based on the data collected for the five trials, coeffi-

cient of permeability values ranging from 0.0556 to 0.101 cm/sec were

calculated. The average value for the five trials was 0.077 cm/sec.

Thus, the average value of the coefficient of permeability determined

using the FPTD (i.e., 0.077 cm/sec) can be compared to the average

coefficient of permeability value determined using the cell system

(i.e., 0.0474 cm/sec). However, the results of the tests utilizing the

laboratory constant head permeameter demonstrated a similar correlation

between the constant head and probe system values. As indicated

713 Otm)
Mirafi 140 Fabric, Celanese Fibers Marketing Company, New York.

42



Figure 14. Preliminary FPTD Positioned on Layer of

Mortar Sand for Permeability Determination
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earlier, based on the results of these tests, which are plotted in

Figure 13, an empirical correlation equation (see Figure 13) was devel-

oped o Utilizing this equation and the FPTD results to predict the

corresponding constant head coefficient of permeability values yields

a range of values from 0.047 to 0.0725 cm/sec and an average value of

0.0556 cm/sec. It is observed that these predicted values compare

quite favorably with the range of measured values, 0.0468 - 0.0481

cm/sec, and the average measured value, 0.0474 cm/sec. It was antici-

pated that the planned replacement of the differential manometer with

a precise differential pressure gage would produce more accurate and

reliable results.

Conclusions and Recommendations

Based on the results of the studies described above, it was con-

cluded that the velocity method of in situ permeability determination,

using electric conductivity probes, represented a very promising tech-

nique that could be further developed to produce a rugged, reliable

field permeability test device (FPTD) . It was recognized that the

electric conductivity and pressure sensing probes used in the prelim-

inary prototype of the FPTD would have to be modified to permit them

to be driven into base and subbase materials without risk of damage

to the conductivity and pressure sensing system. In addition, it

was felt that a variety of plate sizes, fluid injection tubes and

probe spacings might have to be made available to adequately cover the

range of boundary conditions anticipated during field use. However,

based on the results of the studies reported herein, it was felt that

all of these modifications could be readily implemented during the

performance of Phase II of the project. It was therefore recommended

that Phase II of the research be initiated immediately.
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PHASE II

DESIGN AND CONSTRUCTION OF PROTOTYPE
FIELD PERMEABILITY TEST DEVICE (TASK D)

Introduction

The objective of Task D was to design and construct a working

model (prototype) of the FPTD. This device was to embody the velo-

city technique measurement principle, developed during Subtask A-2

and Task C (see Figures 7 and 14), in a rugged, portable device that

is simple to operate and as trouble free as possible. The prospec-

tive operational features and performance requirements for the device

were those outlined in the INTRODUCTION.

The device as designed and constructed consists of three major

subsystems: (a) the reservoir and pressure subsystem, (b) the

control and measurement subsystem, and (c) the plate and probe sub-

system; as illustrated schematically in Figures 15 and 16. This

portion of the report contains a general description of these sub-

systems and explains the operation of the prototype FPTD. The

design and construction details for the device are presented in

Appendix B.

Some modifications were made in the basic design of the appara-

tus as a result of experience gained during laboratory (Task E) and

field (Task F) testing. However, for the sake of brevity, the details

of the developmental aspects of the work are omitted for the most part,

and only the final version of the prototype FPTD is discussed.

Reservoir and Pressure Subsystem

The reservoir and pressure subsystem consists of the fresh

water supply tanks, a salt water supply tank and a pressure source

(Figure 15).

The fresh water supply tanks provide the source of water for
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saturating the base or subbase and establishing steady state flow

during permeability testing.

The salt water (electrolyte) supply tank is mounted on an adjust-

able frame which permits the tank to be raised or lowered so the salt

water level is the same as the fresh water level during testing.

The pressure source consists of a cylinder of nitrogen equipped

with a coarse adjustment pressure regulator. Fine pressure control

is provided by an additional pressure regulator in the plastic line

between the nitrogen tank and the water supply tanks.

For field use, the reservoir and pressure subsystem was mounted

in the rear of the West Virginia University mobile research unit

(International Van) shown in Figure 17. The reservoir and pressure

subsystem is shown in position in the rear of the van in Figure 18.

The fine adjustment pressure regulator is shown in the bottom left

hand corner of Figure 18.

Control and Measurement Subsystem

The control and measurement subsystem, which is shown schemati-

cally in Figure 16, consists of the hydraulic controls, the electrical

sensing system, and the pressure sensing system, A photograph of the

unit is shown in Figure 19. The hydraulic controls provide for shut-

off of the water supply or precisely regulated control of the flow of

either fresh water or salt water (electrolyte) to the water injection

probe. The two electrical sensing circuits are designed to provide

for an adjustable response to the conductivity change that occurs as

the electrolyte solution passes the electrodes in the sensing probes

during permeability testing. The pressure sensing system consists

of a differential manometer that is used to determine the head dif-

ference between the pressure taps, contained in the sensing probes,

during testing.
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Figure 18. Reservoir and Pressure Subsystem Mounted in the
Rear of the Van
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Plate and Probe Subsystem

The plate and probe subsystem consists of the horizontal plate,

the water injection probe, and the sensing probes.

Two versions of the 18 inch (457.2 mm) aluminum plate were

developed. Both versions are equipped with a central port through

which the water injection probe is inserted and radially located

ports through which the sensing probes can be inserted. The original

plate was recessed on the bottom to permit the placement of a soft

rubber seal between the surface of the plate and the base or subbase.

However, during field evaluation of the FPTD, some difficulty was

encountered occasionally with the development of piping at the inter-

face between the plate and the base or subbase. In an effort to avoid

or minimize this difficulty, a revised plate was prepared with annu-

lar projections as shown in Figure 20. This piping problem is dis-

cussed further in the section of this report entitled FIELD TESTING

OF PROTOTYPE FPTD (TASK F)

.

The water injection probe simply consists of closed-end tubing

equipped with holes distributed at regular intervals along its length.

During testing, the probe is oriented so that these holes point in

the direction of the row of plate ports; i.e., in the direction of

testing. Water injection probes were made in several different

lengths to suit the geometry of the test situation. The influence of

the depth of the water injection probe is discussed in the section of

this report entitled LABORATORY EVALUATION OF THE PROTOTYPE FPTD

(TASK E).

The sensing probes were constructed from stainless steel tubing

with a brass tip. The tip contains four ports to permit the access

of water to the manometer for head measurement. A two-wire electrode

is brought down through the sensing probe and secured in the tip.

The sensing probes were made in various lengths to suit the geometry

of the test situation. The influence of depth of sensing probe is
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also discussed in the section of this report entitled LABORATORY

EVALUATION OF THE PROTOTYPE FPTD (TASK E)

.

A closeup view of the plate and probe subsystem in position for

testing is shown in Figure 21.

Auxiliary Equipment

In addition to the van, which is used to carry the reservoir

and pressure subsystem and other equipment for field testing, auxil-

iary equipment includes an outrigger and jacking assembly, predrive

rods, a stopwatch, a nuclear moisture-density gage, and a tool box

equipped with a supply of spare pipe and tube fittings and miscella-

neous small tools.

The outrigger and jacking assembly, shown in Figure 22, is

required to hold the plate firmly against the base or subbase during

testing.

The predrive rods include a 1/2 inch (12.7 mm) rod and a 1/4

inch (6.35 mm) rod used for making holes for the water injection

probe and sensing probes, respectively, prior to their final inser-

tion and seating before testing.

The stopwatch is used during testing to determine the time

required for flow between the sensing probes,

The nuclear moisture-density gage is used to determine the dry

density of the base or subbase. This information is used to calcu-

late the porosity of the base or subbase as described earlier.

The tool box, equipped with spare pipe and tubing fittings and

small tools, proved to be an invaluable aid during the setting up for

testing and in the occasional replacement of any of the small compo-

nents or fittings that might leak or otherwise become troublesome

during field testing.
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Operation of the FPTD

The operation of the FPTD during field testing involves the

following general procedure:

1. Locate a suitably level area on the surface of layer to be

tested and position rear of van adjacent to test area.

2. Insert jacking flange into the rear bumper and temporarily

locate the plate beneath the anticipated position of the

jack. If interfacial sealing materials are to be placed

between the plate and the layer, the position of the plate

can be scribed on the ground for assisting in placing seal-

ing materials and repositioning the plate.

3. Once the plate is repositioned, remove jacking frame to per-

mit easy insertion of the water injection and the sensing

probes.

4. Use the predrive rods to make holes for the water injection

and sensing probes.

5. Insert the probes to the preselected depth and orient to

produce a consistent flow/measurement direction. The sensi-

tivity and stability of the sensing probes should be verified

by connection to the microammeter system.

6. Connect fresh and salt water reservoir inflow lines to the

control/measurement system (C/M S) and the inflow line from

C/M S to the water injection probe. Connect piezometer

lines from the sensing probes to the differential manometer

of the C/M S.

7. Reinsert the jacking frame and position the jacking stand

and jack along the centroidal axis of the plate. Jack

against frame until maximum safe working force is achieved.

Figure 22 shows the test setup at this stage,

8. Initiate flow from the fresh water reservoir through the

three-way flow adjustment valve of C/M S to the water
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injection probe. Visually monitor the development of seep-

age adjacent to the edge of the plate. If difficulty is

encountered in producing visible flow, utilize the NCL

pressure system to increase the available head. Figure 23

shows the development of flow around the plate.

9. After visually stable flow conditions are achieved, as shown

in Figure 24, monitor development of differential pressure

head between the two sensing probes. It may be necessary to

back-flush the probes to eliminate entrapped air in the

lines. The presence of significant entrapped air is usually

indicated by a differential head outside the range of the

manometer. The satisfactory hydraulic operation of the

equipment is usually signified when the indicated differen-

tial head is responsive to adjustments of the flow regulation

valve.

10. Prior to introducing a "slug" of salt solution into the flow

stream, the electrical system should again be checked for

stability and responsiveness. Such a condition is usually

verified if the microammeter indicator needles are stable

and at their full undeflected position. In addition, the

potentiometers should be set for maximum sensitivity.

11. Subsequent to verification of the satisfactory operation of

the electrical and hydraulic systems, the level of the salt

water reservoir is adjusted to correspond to the fresh water

reservoir level (similarly, any applied pressures are equal-

ized). Using the three-way flow adjustment valve, a "slug"

of salt solution is introduced into the flow stream. Timing

is begun when the microammeter for the upstream probe

deflects and is stopped when a deflection is seen on the

microammeter for the downstream probe. It should be noted

that the salt slug is followed by a continuous flow from the

fresh water reservoir. Thus, after the initial test, the
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fresh water is allowed to "flush" the salt solution from

the flow domain, thus causing the microammeter needles to

return to their original undeflected positions.

12. The data that are recorded and utilized for calculation of

the coefficient of permeability are:

(a) the travel time, t (in sees);

(b) the differential head, Ah (in cm); and

(c) the travel distance, L (in cm).

A typical data sheet, used for recording the data and

calculating the coefficient of permeability, is shown,

filled out with typical test data, in Table 2.

13. Once the system returns to its original condition prior to

the injection of the salt slug, the flow (and, thus, the

differential head) are adjusted and another test can be

conducted.
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Table 2. Typical FPTD Field Test Data Sheet

Date 8- 25"- T8

Location (^iicgHc Cov->ht"Y \ va.H*4g$5£g, \"£.qq— g U E

Pa.o~c c~ Ho. F-Cl-t
f

'Stat iqK 4->t»t t^g € &,
,
7 o ' g-T- ^_

Material/Pavement Section 3o"*>,g>i g^s^yps A", ^(t^pm^"p"

Probe Lengths "^
• ^ Layer Tested SA^g

Layer Thickness t>. o Central Probe Type

-\
Constant Head Permeability (s) l.~Z-3> * \ o C^/^sc C* Ya - ^1&.o ?c£,

Ydry
\1>L .4- ?c£. n 0.114

•? C A v. c v o ^

Water Level from Ground Surface Kl<»^>H V»s\v3^e

Test
No.

Probe
Location** D L Ah t

if
k = t x n , , x

Ah
(cm/sec)

1 1-4 is" 5.o8 t.SS n.g I ,l~b x |o"

"£. 1-4- » S.og, 1,83 \1.S
-I

Z41 *• \ ©

3 1-4- >• S\oS 2.14 11.

o

i . n > io
H

4 1-4- '> 5.oS 3.^1 10.1. 1.4-5 v \ e>~
1

S 1-4 M 5. OS l.3l 18.1 . -i

Ave, - \U~( x \a

D = Plate Diameter (in) , L = Probe Spacing (cm) , Ah = Head Loss (cm)

,

Yd
t = Time of Flow Between Probes (sec) , and n = Porosity = 1 -

(A value of n = 0.24 can be used with little loss of accuracy
if Yd ^s unknown.)

* - Given in Length and D - Directional or G - General

** - Relative to Central Saturation Probe Being Position Zero

GSYs'w
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LABORATORY EVALUATION OF THE PROTOTYPE FPTD (TASK E)

Introduction

Proposed Objectives and Scope of Task

The overall objective of Task E was to completely evaluate the

limitations of the FPTD and the reproducibility of the results

achieved. In keeping with the requirements outlined in the INTRODUC-

TION, it was proposed to test the prototype FPTD on different layer

thicknesses between 3 inches (76.2 mm) and 18 inches (457.2 mm) and

for materials having permeabilities at each order of magnitude between
-4

10 cm/ sec and 10 cm/sec. Originally, it was anticipated that the

following boundary conditions would be investigated:

1. Tests on a non-stratified (homogeneous) material.

a. Free water surface outside the layer being tested.

b. Free water surface within the layer being tested.

2. Tests on the top layer of a layered system.

a. Impermeable material below the layer being tested; free

water surface below the layer being tested.

b. Moderately permeable material below the layer being

tested.

(i) Free water surface outside the influence of the

layer being tested.

(ii) Free water surface at the interface between the

layer being tested and the one below it.

c. Very permeable layer below the layer being tested,

(i) Free water surface outside the influence of the

layer being tested.

(ii) Free water surface at the interface between the

layer being tested and the one below it.

3. Tests on the individual layers within a layered system.
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a. Free water surface below the layer being tested.

b. Free water surface within the layer being tested.

c. Free water above the layer being tested.

Further, it was anticipated that, for each of the materials to

be tested, the investigation of each of the listed boundary condi-

tions would require a separate test setup.

Actual Scope of Work Accomplished in Task E

As soon as the Phase I research had progressed to the point

that the nature of the test device and test method had been esta-

blished and subjected to preliminary evaluation in the laboratory

test cells, it became clear that the program of testing implied by

the above listing of boundary conditions was not entirely appropriate.

It was found that, except for the testing of an individual layer

within a layered system, two basic types of test cell setups were all

that were required to satisfy all of the boundary conditions listed.

A single layer of aggregate with a varying free water surface can be

made to satisfy boundary conditions la and lb. It also can be con-

sidered to satisfy boundary conditions 2a since the impervious bottom

of the test cell can be considered to be the ultimate in an underly-

ing impervious layer in a layered system. It was also found that

evaluation of the FPTD for boundary condition 2b was unnecessary,

because the nature of the equipment and test procedure is such that

boundary condition 2c is the most critical, and if it can be satis-

fied, then there is no question that the device will perform satis-

factorily for boundary condition 2b.

Based on this analysis of testing requirements, the FPTD was

evaluated in the test cells loaded either with a single layer of the

various materials or with two layers of materials with the underlying

layer consisting of very high permeability material. Time did not

permit the laboratory testing of an individual layer within a layered
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system. However, testing of this type was performed in the field, as

part of Task F, at the Detroit, Michigan, test site with very satis-

factory results. Consequently, this omission was not considered to

be serious.

During the progress of the testing, considerable time and effort

was devoted to consideration of the influence of several of the FPTD

test parameters on the test results. These included the direction of

testing, the plate size and depth of the water injection probe and the

location, depth and spacing of the sensing probes. Particular atten-

tion during testing was devoted to the latter set of parameters.

During the course of this task, a great deal of data was gener-

ated. In fact, more than 400 individual tests were performed that

were considered valid. In the following portions of this section of

the report, all of these data are presented in one form or another.

However, for the sake of brevity and clarity, only selected portions

of the data are presented to illustrate the influence of the various

boundary conditions and test parameters on the test results. The

complete test results are available in tabular form in the files of

the Civil Engineering Department of West Virginia University.

Testing of the FPTD

Materials

Initially, it was intended to test the FPTD on typical highway

base and subbase materials, and, to this end, the local aggregate

supplier was contacted and asked if he could prepare aggregate mix-

tures meeting the base and subbase requirements of the State of West

Virginia and some other states. Although there was some reluctance

on the part of the supplier to alter his production to produce these

gradations in small batches, some batches of aggregates were obtained

and subjected to permeability testing in the laboratory with constant

head and/or time lag (7) permeameters . The permeability of these
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materials was also determined in the laboratory test cells using

steady sheet flow as described in Appendix A. Very quickly, it

became evident that the materials obtained and tested would not be

entirely satisfactory for two reasons: (1) the aggregate supplier

was not always able to meet specified gradation requirements for

small batches of aggregates, and (2) the permeabilities of the typ-

ical bases and subbases tested fell within a relatively narrow range

and did not come close to encompassing the full range of permeabili-

ties for which the FPTD was to be evaluated. Consequently, it

was decided to base the material selection process more on the perme-

ability of the material rather than on its suitability as base or

subbase. On this basis, six different materials were selected or
-4

blended to produce permeabilities between 10 and 10 cm per sec.

These materials were, in order of decreasing permeability: (1) a

crushed limestone aggregate, satisfying WVDOH 307-1 base course

requirements; (2) a crushed limestone aggregate meeting the AASHTO No,

9 gradation requirements (washed) ; (3) a limestone sand meeting the

WVDOH requirements for fine aggregate in asphaltic concrete; (4) an

Ohio River sand meeting the WVDOH requirements for fine aggregate in

Portland cement concrete; (5) a silica mortar sand supplied by the

WVU Physical Plant; and (6) a blend of 60 percent asphalt sand, 30

percent Ohio River sand, and 10 percent fly ash. The grain size

distribution curves for these materials are shown in Figures 25 and

26, and the measured values of laboratory (k-) and test cell (k )

permeabilities are given in Table 3.

Subsequently, during the Task F field testing of the FPTD, this
relatively narrow range of permeabilities of conventional bases
and subbases was verified.
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Influence of Layer Thickness

The influence of layer thickness on the ability of the FPTD to

measure coefficient of permeability was determined by performing tests

with the FPTD on layers of materials varying from 3 inches (76.2 mm)

to 18 inches (457.2 mm) in thickness. Since the full range of layer

thicknesses was not used for all materials, and because the measured

coefficients of permeability for the various materials cover such a
_3

large range (3.75 x 10 to 3.56 cm/sec), the influence of layer

thickness can best be illustrated by using normalized permeability

data obtained by dividing the average permeabilities measured by the

FPTD (k ) by the corresponding values measured in the test cells

(k ) using steady sheet flow. Normalized permeability data of this

type are shown plotted against the corresponding layer depths in

Figure 27. Examination of this figure shows that there is no consis-

tent tendency for the permeability to vary with the depth of layer

thickness. Thus, it can be concluded that, as long as steady state

flow can be established, the thickness of layer being tested has

little or no influence on the value of permeability measured by the

FPTD.

Influence of Watertable Depth

The influence of the watertable depth on the ability of the FPTD

to measure permeability was evaluated by performing tests with the

watertable at various depths within the materials being tested.

Since the watertable depths were not varied uniformly over the full

layer depth of all materials, and because the coefficients of permea-

bility of the various materials vary over such a wide range, it is

considered desirable to illustrate the influence of watertable depth

on measured permeability by comparing selected normalized permeabil-

ity values, k,/k , with the watertable depth, expressed as a percen-
cl tc

tage of the total material depth. A comparison of this type is

given in Figure 28 for three of the materials tested. Examination of

70



CN|

E

o E

CO
\J

00 <r
CD CO CO r-\ •

CO U CD v_^ LO
CD CD too o CN
42 CD Cfl

•P H U II

£ CD

<D iw > 42
M o <3 Q
CO r^ CN c
Ph CO (2 r-\ i-H •H

!-i -H
£2 CD

•H 43 X) o £ Q i—

(

e <u Csl
CO 3 T3 • •

0)2; 3 CD
3

a
,—

I

<^rk
J CJ

Cu_>— O
n3 ^ C LO S> < M CN

r~-
••

i—i
CD

U
o {7>

53
\J

<s
co
»—

'

Gj

/-N /—

S

LO v£>

00 CN
^—

'

v—

'

(T?nv^>H
/—n
lo
H
v_'

/•"N

o>
r-^
s^

o

oo

oo

CD

N
•H
H
cfl

8
H
o
JS

fi
o

CO

CO

CO CD

CD

4= 5
O CJ

C •H
H 42

1

H CJ

•u
J-i 4«2

CO CD —-.

CO >-. TD
CD cd 4^
C i-5M *

u <+j >-.

•H O 4J

42 •H
H CD rH

CJ •H
M e 43
CD <D flj

^ 3 CD

nj i-< £
J iw }-i

f2 CDM PL,

r^
<N

CD

U
3
too

•H
Pm

o
CN

00 CN

iH

o 00

O o o
CM

O

05 P

71



0-

CO

cu to to

co -u <u

CU CO 00
XI CU cd

U H U
C CU

CU UH >
u o <
Pm ra C

C CU

g CU

co d t3

3 HH (U O
CO H C

O
CM

•<]o-

IT) CO

vO

<

-a

en

<
CM

co

•o-

v£>

<

a
vO

41

l-H

vD

<J

m
»—

»

o
CO

CO

-o-

00

o

T3
C
cd

CU CU

o o
4J 4J
CO CO

CU CO

S
•H «H

4-1

rH
CO

rC
O-
CO

<

o

o
E-i

K
C/J

I

o
CO

o
S3

o a <]

oo

o
cr>

o
CO T3

CU

N
•H

CO iH
CO CO

CU

ao & o
r>. o !a

Xi c
4J o

M 4=
CU 4-)

>> aO cd cu

vO hJ Q
M-l CU

o rH

4-1 cO o
c 4-1 4-1

CU u 4*5

o o CU ^^
m r4 4-1 T3

CU CO ^J
PL, &

„

1
14-1 >.
o 4-1

CU •iH

rH CU iH
o JOt o •H
<f CO c 42

4-1 CU CO

>-l 3 CU

CU rH e
4-1 Oh >-i

CO C CU

J2 l-H Pw

o o
ro 4-1

CO
Xt CN
4-1

Oh CU

CU u
O 3

O •H
CM Pn

o o
CN

o

°1 ,p /-

72



Figure 28 shows very clearly that there are no general trends that

would indicate that the depth of watertable has any significant

influence on measured coefficient of permeability, as long as a zone

of saturated steady state flow is established during testing.

Influence of Underlying Layer of High Permeability

The ability of the FPTD to measure the permeability of a layer

of material underlain by a material of very high permeability was

evaluated by testing 3 inch (76.2 mm) and 6 inch (152.4 mm) layers

of Ohio River sand over a 12 inch (304.8 mm) layer of WVDOH No. 307-1

crushed limestone. The 3 inch (76.2 mm) and 6 inch (152.4 mm) thick

layers of Ohio River sand had coefficients of permeability of 3.75 x
-2 -2

10 " and 3.51 x 10 " cm/sec, respectively, as determined in the test

cells using steady sheet flow. The test cell determined coefficient

of permeability for the No. 307-1 limestone was 3.56 cm/ sec. Thus,

the permeability of the underlying layer was over 100 times that of

the layer being tested.

Initially, some difficulty was encountered in making the mea-

surements, because the water injection probe was only placed to a

depth equal to the depth of the layer being tested. This led to a

situation somewhat like that illustrated in Figure 4. In general,

the differential head readings were either unobtainable or so high

that they indicated that the bulk of the flow was moving abruptly

downward and then horizontally through the more permeable layer,

thus effectively bypassing the layer being tested. In an effort to

overcome this difficulty, another series of tests was conducted hold-

ing all test conditions the same, except for the depth of the water

injection probe, which was lowered to a depth of 12 inches (304.8 mm)

below the surface of the layer being tested. This resulted in a

more nearly horizontal flow pattern in both layers, and a series of

measurements were obtained that were judged to be reliable. For

example, for the 3 inch (76.2 mm) layer using the No. 2 and No. 4
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sensing probes (50.8 mm probe spacing), the nine measured values
-2 -2

ranged from 2.38 x 10 to 4.11 x 10 " cm/sec, with an average of
_2

3.33 x 10 " cm/sec, compared to the test cell measured permeability
_2

of 3.75 x 10 " cm/sec. For the 6 inch (152.4 mm) layer, using the

same probes and probe spacing, the nine measured values ranged from
-2 -2 -2

2.40 x 10 to 3.68 x 10 cm/sec, with an average of 2.75 x 10

cm/sec, compared to the test cell measured permeability of 3.51 x
-2

10 ' cm/ sec. Thus, it can be concluded that the FPTD is capable of

producing reasonably reliable measurements of the permeability of a

layer of base or subbase that is underlain by a much more permeable

layer, as long as a condition of steady state saturated flow is

introduced into both layers.

Influence of FPTD Test Parameters

Direction of Testing . The influence of the direction of testing

was evaluated by performing a series of tests at the same location on

a layer but varying the direction of the sensing probes so that the

permeability was evaluated in two or more directions. As might have

been expected, considerable variation occurred in the test results.

In some instances, a change in testing direction produced no signifi-

cant difference in test results, while in other cases the differences

were more pronounced. For example, in one series of tests on the

WVDOH asphalt sand, testing in the direction of test cell flow pro-

duced an average coefficient of permeability of 1.103 x 10 cm/sec

(the test cell measured value was 1.10 x 10 cm/sec), while testing

at right angles to the direction of test cell flow produced an aver-

age coefficient of permeability of 0.950 x 10 cm/sec. In contrast,

in a series of tests on the AASHTO No. 9 limestone, testing in the

direction of test cell flow produced an average coefficient of per-

meability of 3.85 x 10 cm/sec (the test cell measured value was

3.70 x 10 cm/sec), while testing at right angles to the direction

of test cell flow produced an average coefficient of permeability of
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5.89 x 10
-1
" cm/sec.

These results suggest that considerable anisotropy might exist,

particularly under field conditions, where placement and compaction

of bases and subbases might not be as uniform as in the laboratory

test cells. Consequently, in actual practice it would probably be

desirable to perform tests in orthogonal directions at a given test

location and then take the permeability as the geometric mean of the

results.

Plate size, probe location and spacing . The influence of the

plate size, depth of water injection probe, and the depth, location

and spacing of the sensing probes is governed by the interrelation-

ship between these parameters. Ideally, these parameters should be

controlled in such a way that a zone of essentially horizontal flow

is produced so that the tips of the sensing probes can be located on

a single streamline.

In an effort to optimize the relationship between parameters,

both flow net studies and experimental measurements in the labora-

tory test cells were conducted. Although plates of three different

sizes, 24 inch (609.6 mm), 18 inch (452.2 mm), and 12 inch (304.8 mm),

were manufactured, flow net studies and tests performed with the 24

inch (609.6 mm) and 18 inch (457.2 mm) plates showed that there was

no real advantage to varying the plate size for different layer thick-

nesses, as long as the depth of the water injection probe and the

depth and location of the sensing probes were properly controlled.

Therefore, the 12 inch (304.8 mm) and 24 inch (609.6 mm) plates were

abandoned and the 18 inch (457.2 mm) plate was used for the remainder

of the tests.

Both flow net studies and laboratory experimentation showed that

a depth of water injection probe equal to the thickness of the layer

being tested produced the pattern of flow that was desired. However,

as mentioned earlier, this criterion did not prove to be valid when

the layer being tested was underlain by a layer of higher
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permeability, and it was necessary to lower the depth of the water

injection probe to produce saturated flow in both layers in order

for the FPTD to yield satisfactory results.

For layers thicker than 12 inches (304.8 mm), satisfactory

results were produced with the 12 inch (304.8 mm) long water injec-

tion probe, even though it did not penetrate all the way to the

bottom of the layer.

For layers up to 14 inches (355.6 mm) in thickness, sensing

probe depths as deep as the center of the layer, i.e., up to 7 inches

(177.8 mm) deep, proved to be satisfactory during laboratory experi-

mentation. However, for layers in excess of 12 inches (304.8 mm)

thick, flow net analysis would suggest that the sensing probe depth

should not exceed 6 inches (152.4 mm). Thus, for these thicker

layers, greater than 12 inches (304.8 mm) thick, if measurements are

to be made at a single depth, then they should be made somewhere in

the upper half of the layer rather than being at the center of the

layer as recommended for layers less than 12 inches (304.8 mm) thick.

However, because the FPTD measures the coefficient of permeability

within a relatively thin zone vertically, it would probably be desir-

able to make measurements at several depths throughout the layer of

interest and average the results.

The influence of the location and spacing of the sensing probes

was investigated by varying these parameters throughout the testing

program. During the early part of the investigation, while using

the 24 inch (609.6 mm) diameter plate, probe spacings varying from

2 inches (50.8 mm) to 6 inches (152.4 mm) were used with good

results. In most of these tests, the interior (high head) probe was

located within the inner third of the plate, i.e., from 2 inches

(50.8 mm) to 4 inches (101.6 mm) from the center. These early data

led to the conclusion that measurements made with the FPTD were not

particularly sensitive to the location and spacing of the sensing

probes. Later, however, a more comprehensive series of tests were
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performed with the 18 inch (457.2 mm) diameter plate, both for sin-

gle layers of material and for the two layer system. In these tests,

it was decided to cycle through all possible combinations of location

and spacing in order to get as comprehensive a view of the influence

of these parameters as possible.

Although there was considerable scatter in the test results, in

general, the data tended to show that the best results were produced

with 2 inch (50.8 mm) and 3 inch (76.2 mm) probe spacings, with the

interior probe within the center third of the plate, i.e., within 3

inches (76.2 mm) of the center. This was particularly true for the

case where the layer being tested was underlain by a layer of high

permeability material.

Accuracy and Reproducibility of Results

The overall accuracy of the FPTD and the reproducibility of the

results achieved were evaluated by comparing coefficients of permea-

bility measured by the FPTD (k ) with the coefficients of permeabil-

ity for the same materials measured in the test cells (k ) using

steady sheet flow. A graphical comparison of these data is shown in

Figure 29. These data were analyzed statistically using the Statis-

tical Analysis System (SAS Package) developed by A. T. Barr and J. H.

Goodnight. The linear regression equation established by this analy-

sis (shown as the solid line in Figure 29) can be expressed as

k, = 1.023 k
1 -°23

d tc

This equation represents a very good fit to the experimental data as
2

evidenced by a coefficient of determination (r ) of 0.959. In addi-

tion, a comparison of the regression line for the data (shown solid)

and the 45° line (shown dashed) shows that, on the average, the FPTD
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tended to produce values very close to those measured by the test

cell technique, with only a slight tendency for under prediction in

the low permeability range and a very slight tendency for over pre-

diction in the high range. The rather obvious manifestation of over

prediction of coefficient of permeability, which showed up during

Task C as a result of dispersion and diffusion phenomena, did not

show up here.

Figure 29 was prepared and the statistical analysis was per-

formed using all 410 test results that were obtained during Task E.

Although the accuracy of certain of these data was open to serious

question for one reason or another, they were deliberately included

in Figure 29 and the analysis so that the resulting comparison

between k, and k would represent the "worst condition" and thus
a tc

could be thought of as representing the lower limit of the accuracy

and reproducibility of the values obtained with the FPTD.

The shaded area on Figure 29 represents the zone in which the

data would fall, if the FPTD measured the coefficient of permeability

within a factor of two of the true value. When all of the test

results are considered, 336 of the 410 test values (82.0 percent)

fall within the shaded zone. However, as noted earlier, certain of

the test data are open to serious question. Included in this cate-

gory are some of the data obtained with what proved to be unsatisfac-

tory locations and spacings of the sensing probes. If these 44

pieces of data are excluded from the total, then 336 of the remaining

366 test values (91.8 percent) fall within the shaded zone. On this

basis, it would appear that the prototype FPTD would satisfy the

requirement that it measure the coefficient of permeability within

a factor of two of the true value ninety percent of the time.
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FIELD TESTING OF PROTOTYPE FPTD (TASK F)

Introduction

Proposed Scope and Objectives of Task

The work undertaken in this Task was concerned with field test-

ing the prototype FPTD to determine its performance characteristics

under actual field operating conditions. It was originally proposed

that ten different field sites would be visited and that at least

three test sections would be evaluated per site. Permeability tests

were to be conducted on the subgrade, subbase, and base layers at

each test section. One of the objectives of the field testing pro-

gram was to select sites that contained boundary conditions similar

to those outlined for the LABORATORY EVALUATION OF THE PROTOTYPE FPTD

(TASK E) . Initially, it was anticipated that the sites would be

distributed among a number of states in the eastern portion of the

United States based on a selection process accomplished in coopera-

tion with the Federal Highway Administration and the various state

highway (transportation) departments. Samples were to be collected

at each test site and returned to the laboratory for physical proper-

ties and permeability testing. Results of the field and laboratory

permeability tests could then be compared and, possibly, correlated.

Secondary objectives of this Task included an observational

evaluation of: the ruggedness and reliability of the equipment; the

ease of operation; time requirements for setup and testing; and

other related factors. In addition, careful consideration was to

be given to the need for subjective and objective judgments required

in setting up the equipment and conducting a test.

Actual Scope of Work Accomplished in Task F

The actual scope of work accomplished in Task F differed from

that proposed in two major respects: (a) the number of test sites

and sections investigated and (b) the range of materials and
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conditions encountered. The principal reasons for these differences

were: (a) the limited amount of construction underway during the

field testing time period; (b) the similar nature of subbase and

base course materials within a state and between states; (c) the

use of relatively consistent layer thicknesses and pavement sections

from state to state; and (d) the absence of any permanent ground-

water table within the pavement section. In reality, the limited

number of sites, associated with the limited amount of construction,

dictated that any or all possible sites be evaluated irrespective of

whether they met any preconceived boundary conditions and material

type requirements.

Task F consisted of four basic components: (a) identification

of potential test sites; (b) modification and adaptation of the labo-

ratory version of the FPTD for field use; (c) field testing; and (d)

laboratory evaluation of the physical properties and permeability of

representative samples collected during the field testing program.

The scope of the field testing program consisted of investigations

at 18 test sections in 13 different locations in 8 different states.

In almost all instances, the test section consisted of a single base

or subbase layer overlying an impervious subgrade. In addition, at

no test section was there evidence of the presence of a groundwater

table within or immediately below the pavement section.

As originally proposed, samples were collected at each permea-

bility test location and returned to the West Virginia University

laboratories for physical properties and permeability testing. In

addition, field nuclear moisture-density determinations were made at

each permeability test location. These tests were conducted in

order to calculate the in situ porosity of the layer as well as to

provide the target dry density values for the laboratory permeability

tests. The porosity values were generally calculated using the

average in situ dry density value and an assumed average specific

gravity of solids value.
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Prior to and during the field testing program the laboratory

version of the FPTD was adapted, modified, and improved for field

use. The performance of the unit under field conditions provided a

continuing basis for evaluation and upgrading of the equipment. A

description of the prototype FPTD was presented in the section of

this report dealing with DESIGN AND CONSTRUCTION OF PROTOTYPE FIELD

PERMEABILITY TEST DEVICE (TASK D) , and the details of its construc-

tion are presented in Appendix B. As pointed out in those sections

of the report, modifications were made to the equipment as dictated

by experience accumulated during the field testing program.

Field Testing Program

The general scope and objectives of the field testing program

(Task F) , both as originally proposed and as actually conducted,

were summarized above. Within this section of the report, a

detailed description of the field test sections and associated mater-

ials will be given. In addition, the field and companion laboratory

test results will be presented and discussed along with more general

observations related to the equipment and its operation.

Test Sections - Selection and Description

As stated in the earlier Report (91) , highway departments in

fifteen states in the eastern United States were contacted with

assistance from the FHWA Regional Offices. The contacted states

were: Alabama, Florida, Georgia, Indiana, Kentucky*, Maryland*,

Michigan*, Mississippi, New Jersey, North Carolina*, Ohio*, Pennsyl-

vania*, Tennessee*, Virginia, and West Virginia*. Only one of the

departments (Florida) was eliminated from further consideration

The states actually visited are marked by an asterisk.
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because of technical limitations. Specifically, it was found that

the base courses in general use in Florida have a coefficient of per-

meability less than the lowest practical operating limit of the pro-
-4

totype FPTD (also lower than the specified minimum limit of 10

cm/sec) . Definitive plans had been made to visit New Jersey and

Virginia during the early Fall of 1978, but the anticipated test

sections did not develop because of construction delays and the onset

of the end of the construction season. Thus, a total of eight of

the original fifteen states contacted were visited. As stated ear-

lier, within these eight states, there were eighteen test sections

at thirteen different locations. A descriptive summary of the test

locations and sections is given in Table 4.

A review of Table 4 reveals several important observations rela-

tive to the various test sections. These observations can be summar-

ized as follows:

1. The base and/or subbase layers ranged in thickness from a

minimum of 4 inches (101.6 mm) to a maximum of 14 inches

(355. 6 mm)

.

2. With perhaps one exception, the subgrade was essentially

impervious (i.e., a coefficient of permeability less than
-4

10 cm/sec)

.

3. With few exceptions, a single layer crushed aggregate base

or subbase was utilized.

4. The only state utilizing open graded aggregates specifically

for the purpose of subsurface drainage was Kentucky, and

their sections were experimental.

5. No evidence was observed to indicate the presence of a

groundwater level in or near the base of a subbase or base

layer.
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Performance of Field Tests

The prototype FPTD utilized for conducting the field permeabil-

ity tests was described in an earlier section of this report, which

included a discussion of the experimental procedure and associated

data collection and reduction methods. As stated earlier, the FPTD

measures, at a constant value of hydraulic gradient, the average

seepage velocity, v , from which the average discharge velocity, v,

can be calculated if the porosity, n, of the layer is known. Corres-

pondingly, the value of porosity can be determined if the values of

specific gravity of solids and dry density are known or can be mea-

sured. During the field testing program the dry density values were

obtained with the use of TROXLER Model 3411 Nuclear Moisture-Density

Meter using the direct transmission measurement configuration. The

dry density value used for calculation purposes was the average of

the direct transmission values at two to four 2 inch (50.8 mm) inter-

vals within the layer being tested. For field calculations, the spe-

cific gravity of solids value was generally assumed to be 2.7. In

some instances, assisting state highway department personnel supplied

a value based on previous test results.

For the purposes of this Project, field bag samples were taken

at each test section and returned to the laboratory for bulk specific

gravity, specific gravity of solids, gradation, and permeability

tests.

The experimentally determined specific gravity of solids values

were then utilized to calculate "corrected" field coefficient of

permeability values. In actual practice, it is anticipated that the

specific gravities of the aggregates would be known within reasonable

limits and, thus, no significant error would be expected from this

source.

The gradation characteristics of the materials served to pro-

vide a basis for comparison or reference as well as to give a
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qualitative indication of the probable permeability characteristics

of the material, and the laboratory determined coefficient of permea-

bility values permitted a direct comparison to be made between these

values and the field values.

Companion Laboratory Testing Program

As indicated above, bag samples were taken at each test loca-

tion. When possible, the material directly under the plate was

excavated, subsequent to the test, and utilized for the field sample.

The desirability of this approach became apparent after the Pennsyl-

vania test series when the properties of three samples, one taken

directly beneath the plate and two taken approximately 10 feet away,

were compared and indicated significant differences.

Bulk specific gravity and specific gravity of solids tests were

conducted in accordance with appropriate AASHTO Test Methods on the

plus No. 4 and minus No. 4 fractions, respectively. The particle

size analysis tests were conducted using standard methods and a

sieve nest appropriate for the particular material being tested.

That is, the composition of the sieve nest was adjusted to be compa-

tible with the specified material gradation requirements of a given

material in a given state.

The permeability tests were conducted using a time-lag permea-

meter described by Barber and Sawyer (7). The specimens were com-

pacted in 6 inch (152.4 mm) diameter CBR molds using a minus 3/4

fraction having the same coarse-to-fine fraction, i.e., plus No. 4

to minus 3/4 inch (19.1 mm), present in the original sample. The

recommended AASHTO replacement technique was utilized for this pur-

pose. The specimen was compacted in layers using a standard Proctor

drop hammer. An effort was made to obtain a dry density approxi-

mately equal to the dry density measured at the corresponding test

location. As will be noted later, this effort met with only limited

success.

88



Results of the Field and Laboratory Tests

Table 5 summarizes the average field test results and the cor-

responding laboratory results. The measured specific gravity of

solids (G ) values and calculated porosity (n) values are included

since both values are used in the data reduction process. The in

situ dry density values and laboratory dry density values are given

to provide a satisfactory basis for comparing the field and labora-

tory coefficient of permeability values. Reference to Table 5 shows

that significant difficulty was encountered in attempting to fabri-

cate laboratory specimens having dry densities approximately equal

to those for the corresponding field test.

No field test results are given for the two test locations in

Kentucky and the one test location in North Carolina because of the

inability of the equipment to measure the permeability at these test

locations. At the high permeability sites (i.e., North Carolina and

one of the Kentucky locations) , stable steady state flow could not

be maintained for a sufficient period of time to make a satisfactory

measurement. Attempts to increase the flow rate to develop and

maintain a steady state condition generally led to the development of

piping at the interface between the plate and the base course mater-

ials. At the high permeability Kentucky locations the coefficient of

permeability value approached the proposed upper limit of the opera-

ting range for the equipment (i.e., 10 cm/sec). Subsequent to the

attempted test in North Carolina, annular seratiohs were machined

into the base of the plate in an attempt to develop a better inter-

facial seal and, therefore, minimize the piping potential.

Problems were also encountered in generating sufficient flow to

develop saturated conditions in the dense graded aggregate (DGA) base

at the remaining Kentucky test location. Again, as the pressure was

increased to develop sufficient flow for saturation and measurement

purposes, piping developed. The laboratory coefficient of permea-
_3

bility determined for this material (i.e., 2.73 x 10 cm/sec) was
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reasonably close to the proposed lower operating limit for the equip-
-4

tnent (i.e., 10 cm/sec).

The Kentucky test series was the first attempt to utilize the

prototype FPTD and revealed a number of equipment deficiencies. Of

particular note was the poor design and operational characteristics

of the salt injection and the electrical/hydraulic control and mea-

surement system. Prior to any subsequent field testing, modified

systems were fabricated using revised designs based on the Kentucky

experience. Only minor equipment modifications were made subsequent

to these initial efforts.

Comparison of Laboratory and Field Permeability Test Results

Although the laboratory permeability tests were conducted to

provide a basis of comparison with the field test results, certain

inherent problems exist in making a valid comparison irrespective of

the accuracy of the field test results. Those factors felt to be of

possible significance are: (a) differences in dry density (porosity);

(b) difference in direction of fluid flow; and (c) difference in

fabric (particle orientation) . The numerical consequences of these

possible differences are not known, but it is believed they can be

very significant.

Based on the Kozeny-Carman equation, the relationship between

the field measured coefficient of permeability, k , and the labora-

tory measured coefficient of permeability, k , for variable dry

density can be shown to be

2

k, ,k
f
^ B

Ydl

Ydf
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where 3 =
G Y - Y
s'w y df

Vw " Ydl
, y is the field dry density, and y is

the laboratory dry density. Assuming G = 2.70, and using the

actual values of y,. and y,. from Table 5, yields values of g
at d±

ranging from about 0.4 to 2.7, thus indicating that the field

measured coefficient of permeability, k , could vary from 0.34 to

3.3 times the laboratory measured value, k , based on variation in

dry density alone. However, examination of Table 5 shows that, in

this case, the above relationship does not offer a consistent expla-

nation for the differences between field and laboratory measured

values of coefficient of permeability.

Table 6 was prepared in an attempt to obtain a better indica-

tion of the overall performance of the prototype FPTD over the

range of material types and boundary conditions encountered during

the field testing. The ranges of values given were obtained

directly from Table 5. Similarly, the average values given are the

averages of the values given in Table 5.

An examination of Table 6 leads to the following observations:

1. The range of specific gravity of solids values for naturally

occurring materials fall within a reasonably narrow range

(2.62 - 2.83 with an average of 2.72).

2. Similarly, the range of in situ dry density values for both

natural and crushed aggregates is comparatively small,
3

118.7 - 137.2 pcf (1903.1 - 2199.7 kg/m ) with an average

of 129.2 pcf (2071.4 kg/m
3
).

3. The consequence of the first two observations is that the

in situ porosity values fall within narrow limits (19 to 30

percent with an average of 24 percent) . The presumptive use

of n = 24 percent for field calculations should not produce

an error in the calculated coefficient of permeability of
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Table 6. Summary of Range and Average of Field
and Laboratory Test Values

__
(be)

Parameter Range of Values Average Values j

Field Dry Density 118.7 - 163.4 131.9 (14)

(pcf) ( 8) (118.7 - 137.2) (d) (129.2) (d)
(13)

Specific Gravity 2.63 - 3.52 2.76 (18)

of Solids (2.62 - 2.83) (e)
(2.73) (e

> (14)

Field Porosity (%) 19 - 30 24 (14)

Field Coeff . of

Perm, (cm/sec) 1.01 x 10" 2 - 2.18 4.1 x 10"1 (12)

Lab Coeff. of Perm. 2.55 x 10" 3 - 8.27 1.72 (18)

(cm/sec) (2.55 x 10
-3 - 1.66)< f) 3.7 x 10"1 (f

> (13)

(a) Based on average values presented in Table 5.

(b) Based on average of the average values presented in Table 5.

(c) Numbers in parentheses indicate numbers of values included in

ranges and averages.
(d) Excludes value for blast furnace slag.
(e) Excludes value for blast furnace slag, bulk specific gravity

values, and the 2.7 value assumed for one of the WV test sections,
(f) Excludes all lab values not having corresponding field values.

(g) Note that 1 pcf = 16.03 Kg/m3
.
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greater than + 25 percent.

4. The range of field measured coefficient of permeability

values is a subset of the corresponding laboratory values

.

Previously discussed experimental difficulties prevented

measurement of coefficient of permeability values less than
_2

approximately 1 x 10 cm/sec. However, it is not suggested

that these values necessarily represent the lower and upper

operating limits of the prototype FPTD.

5. Excluding the Kentucky material (ASTM No. 57 crushed lime-

stone) that was placed specifically for drainage purposes,

the prototype FPTD was able to measure coefficient of permea-

bility values corresponding to the upper limit exhibited by

the conventionally used base and subbase materials encoun-

tered in this study.

6. Comparing the average field coefficient of permeability

value with the average laboratory coefficient of permeabil-

ity value, excluding those laboratory values which have no

corresponding field values, yielded 4.1 x 10 cm/sec and

3.7 x 10 cm/sec for the field and laboratory, respectively.

It is difficult to make any definitive statements relative to

the accuracy of the prototype FPTD based on a direct comparison

between field and laboratory test results. There are insufficient

data available to conduct a statistical analysis. However, the com-

parison shown in Table 7 is quite revealing. It shows that for 6 of

the 14 measured coefficients of permeability (43 percent) , the field

values are very nearly within a factor of 2 of the laboratory values,

and for 10 of the 14 measured coefficients of permeability (71 per-

cent) , the field values are within a factor of 10 of the laboratory

values. Although this comparison is not good, it certainly is not

bad, when the rather significant differences between field and labor-

atory test conditions are considered.
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Evaluation of the Field Performance of the Prototype FPTD

In evaluating the field performance of the FPTD, two factors

should be kept in mind; viz, the Device continued to undergo modifi-

cation during the testing program and any quantitative comparison of

the field and laboratory coefficients of permeability is subject to

question because of fundamental and experimental differences in the

procedures.

Although data presented in the preceding sections of this

report appear to indicate a rather erratic behavior by the prototype

FPTD, the laboratory evaluation of the prototype (Task E) indicated

that it was capable of producing consistent and accurate results

over a range of material types and boundary conditions. The compara-

tive permeability results for Task E were obtained under more nearly

the same conditions of porosity, flow direction, and fabric. Thus,

it is felt that the Task E results should be utilized to judge the

ability of the equipment to accurately determine the coefficient of

permeability of base and subbase layers. Therefore, on that basis,

the performance of the prototype FPTD would be judged satisfactory in

its ability to determine accurately and consistently the coefficient

of permeability of aggregate base and subbase layers.

The field evaluation Task (Task F) did serve to identify poten-

tial problems with the equipment, to test its ruggedness and durabil-

ity, and to assist in developing a systematic procedure for conduc-

ting the tests. The Task also identified possible refinements that

could be made to the equipment for improving its portability and

operation. These will be discussed in a later section along with

other suggestions for the future implementation of the equipment.

The ruggedness and durability of the equipment proved to be

excellent. The only components of the Device that gave problems

from time to time were the sensing probes. However, these components
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are inexpensive and easy to construct, thus a replacement probe can

be inserted in place of the original probe should a problem occur.

It is expected that a little refinement in the construction of and

material for these probes would reduce the need for replacement to a

minimum.

Because of the concentrated salt solution that is utilized in

the test, corrosion of the fittings and framework is possible unless

care is taken to reduce the amount of spillage and to flush all

systems with fresh water at the end of the testing sequence. The

only other components that are subject to any wear or mechanical

damage are the predrive rods for the central water injection and

sensing probes. Again, the items are inexpensive and easy to con-

struct and thus do not pose a substantial problem. However, some

improvement in these predrive rods could be made that would assist

in minimizing potential piping adjacent to these probes. That is,

the diameter of the predrive rods should be slightly smaller than the

probes. In addition, the probe rods could be slightly tapered

(smaller at the bottom and tapering to a slightly larger uniform

diameter at the plate) so they would produce a slight wedging action

as they are inserted. This would be another way to minimize poten-

tial piping.

Although the subbase layer encountered in Tennessee contained 5

percent calcium chloride for stabilization, no problem was encountered

in achieving stable steady state conditions and obtaining a satisfac-

tory permeability measurement. Although this represents only one

case, it is felt that the concentration of the salt solution utilized

for the test is so large that it will, in a sense, "overpower" the

relatively small concentrations of salt used for conventional stabil-

ization purposes.

Typical combined setup and testing times for a given layer

ranged from a minimum of approximately 45 minutes to a maximum of

approximately 1 1/2 hours. Setup time for all the conditions
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encountered generally did not exceed 20 minutes with a three person

crew. In reality, however, a two person crew would be quite satis-

factory and could probably set up and conduct the tests with as

great an efficiency as a three person crew. With the exception of

slightly increasing the time requirements, the setup and testing

could be accomplished by one person.

Occasionally, a test setup would result in an ammeter deflection

of the downstream probe prior to that of the upstream probe.

Although no physical verification was possible, it was believed that

this situation was due to the interference of an aggregate particle

immediately upstream of the electrical contact point of the upstream

probe. Upon introduction of the salt solution, the solution was

deflected and streamed around the upstream probe, thus producing a

registration on the downstream probe before the upstream probe. When

this occurred, the sensing probes were removed and then reinserted

after the plate was rotated. However, other possible solutions to

this situation could be effected by changing the position of the

probes along the same line or inserting the probes along another

line without removing the plate. In fact, it may be desirable to

measure permeability along orthogonal directions for a given test

setup and utilize the geometric mean of the resulting values.

The major problem identified in the operation of the prototype

FPTD is piping at the plate-layer interface and, possibly, at all

probe-layer interface boundaries. Of course, the piping at the plate-

layer interface is observable, whereas it is not observable at the

other boundaries. It is quite apparent that this piping has to be

preceded by piping adjacent to the central water injection probe.

Thus, the possibility exists that water could flow from the point of

injection along the central probe and plate boundaries and, finally,

along the sensing probe boundaries to the electrical contact point.

Under those circumstances, an outwardly satisfactory test would pro-

duce erroneous results.
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Before going further with this discussion, it should be pointed

out that plate-layer interfacial piping is not, in itself, detrimen-

tal. Perfectly satisfactory measurements can be made if sufficient

flow to maintain saturated, stable, steady state conditions can be

established within the layer. The concern with significant observable

piping is that it indicates a portion of the total flow is being

short-circuited (thus limiting the quantity of water available to the

layer) and may lead to conditions involving flow simply along the

plate and probe boundaries. Thus, a number of steps have been taken

in an attempt to minimize the observable piping problem. Various

grades of rubber and sand were placed between the plate and the layer

to provide a "seal". These approaches met with varying degrees of

success and no given system emerged as the best system under all cir-

cumstances. The major piping problems were generally associated with

layers that had been in place and under traffic for some time. Such

a situation produced a hard (compact) and rough surface, making it

difficult to achieve an effective uniform seal. It was found that

effective seals (not necessarily perfect) could generally be achieved

in freshly compacted layers.

The effectiveness of the seal is also a function of the downward

force that can be applied to the plate as well as the bearing area of

the plate. For the field testing program, the magnitude of the down-

ward force was limited by the weight of the rear axle of the van.

Since an 18 inch (457.2 mm) diameter plate has an area of approxi-

mately 250 square inches (0.161 square meters), 250 pounds (113.5

kilograms) of downward force is required to produce a 1 psi (703.7

kg/square meter) stress beneath the plate. However, the actual stress

is probably not uniform because of the imperfections of the surface

of the layer. To increase this confining stress and, hopefully, mini-

mize the piping potential, annular teeth were machined into the base

of the plate prior to the Maryland and Michigan test series. In

Maryland, the "select borrow" (bank run glacial sands and gravels)
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had been in place for some time under traffic. Although apparently

satisfactory measurements were made at the two test locations, there

was significant observable piping. However, the performance of the

modified plate was judged to be better than the corresponding original

plate. The Michigan tests were conducted on a freshly compacted gran-

ular base and subbase of gravelly sand and sand, respectively. No

major observable piping occurred and excellent results were achieved.

Another approach that was given consideration in minimizing the

piping problem was to utilize montmorillonite clay sprinkled on the

circular area between the plate and the aggregate. The concept was

that the clay would expand and effectively seal all possible piping

channels as it absorbed water. Such an approach seems quite feasible

and would simply require the fabrication of a jig for placing the dry

clay mineral in the proper fashion. Although this method met with

success during limited use in the laboratory, it was not tried in the

field.
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CONCLUSIONS

As a result of the laboratory and field studies described herein

the following conclusions have been reached:

1. The prototype field permeability test device (FPTD) pro-

vides a convenient means for the determination of the in situ

coefficient of permeability of highway bases and subbases

with reasonable accuracy and reproducibility.

2. The "velocity technique" of permeability determination,

embodied in the FPTD, is the simplest and most direct

method presently available for measuring the coefficient

of permeability of highway base and subbase courses.

3. The FPTD is capable of measuring the average horizontal

coefficient of permeability of each layer in a multilayered

system within a factor of two of the true permeability

ninety percent of the time.

4. The FPTD is capable of measuring the coefficient of permea-

bility of bases and subbases within a practical range. How-

ever, it was not possible, at the present stage of develop-

ment, to measure very low permeabilities in the order of
-4

10 cm/sec or very high permeabilities in the order of 10

cm/sec.

5. The coefficient of permeability of layers of base and sub-

base, ranging in thickness from 3 inches (76.2 mm) to 18

inches (457.2 mm), can be measured by the FPTD, as long as

saturated steady state flow can be maintained during testing.

6. The location of the watertable relative to the layer being

tested has no influence on the test results, as long as a

zone of saturated steady state flow can be established and

maintained during testing.

7. The permeability of layers adjacent to the layer being

tested has no influence on the test results, as long as
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essentially horizontal, saturated, steady state flow is

established and maintained in both the layer being tested

and the adjacent layer (s). This requires that water be

injected over the full depth of the layer being tested and

over the full depth of any adjacent layer that has a signi-

ficantly higher permeability than the layer being tested.

8. Because of the anisotropy of compacted layers of base and

subbase, the direction of flow during testing can influence

the test results. Thus, it is desirable to perform tests

in orthogonal directions at a given test location and then

average the results.

9. The depth of the sensing probes and their location relative

to the water injection probe does influence the test results.

The best results were produced with 2 inch (50.8 mm) and

3 inch (76.2 mm) probe spacings, with the interior probe

located within three inches (76.2 mm) of the water injection

probe. For measurement at a single depth, the tip of the

sensing probes should be located at the center of the layer

being tested, for layers up to 12 inches (304.8 mm) thick.

For layers in excess of 12 inches (304.8 mm) thick, the

depth of the tip of the sensing probes should not exceed

6 inches (152.4 mm).

10. In some instances, the coefficients of permeability deter-

mined by the FPTD in the field did not compare favorably

with the values obtained in the laboratory, because of the

inherent difficulties associated with duplicating field

conditions in laboratory permeameters.

11. The ruggedness and durability of the FPTD for field use

proved to be excellent. The components of the Device are

inexpensive and easy to construct.
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RECOMMENDATIONS

Although the prototype FPTD developed through this research

satisfies project objectives and is capable of measuring the coeffi-

cient of permeability of highway bases and subbases with reasonable

accuracy and reliability, the following recommendations for improving

the equipment and its operation are presented:

1. Fabricate a new control and measurement system with panel

type, quick connect couplings. This unit should be provided

with hinged sides, as appropriate, to allow direct access to

batteries and valves.

2. Consider mounting the entire system, including the revised

control and measurement system, on a trailer frame. A

storage locker should also be included for associated equip-

ment, tools, etc. Integral with the trailer assembly should

be a revised arrangement for jacking against the plate that

will permit the removal of all probes without removal of the

downward force. This system should also provide for rapid

and positive placement of the jacking force along the cen-

troidal axis of the plate. In addition, a "locator jig" for

defining the exact position of the plate beneath the jacking

point should be developed. Consideration should also be

given to the replacement of the nitrogen tank pressure source

with a simple compressed air tank that could be filled con-

veniently at a gas station.

3. Consideration should be given to the placement of an addi-

tional set of sensing probes along an orthogonal axis and

conducting a series of tests along that axis as well as along

the original axis. The permeability could then be taken as

the geometric mean of the two values thus determined. Two

possibilities for accomplishing this could be considered:

(1) run the tests in the two directions at the same time

(this would require an additional bank of measurement units
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and two operators), or (2) run the two tests consecutively.

4. Since piping at the interface between the plate and the base

or subbase continues to present an occasional problem, addi-

tional study of methods to overcome this difficulty appears

to be warranted. One method might be to redesign the pre-

drive rods, water injection probes and sensing probes to

minimize piping potential. Another method might be to con-

sider better sealing methods. Both of these techniques were

discussed under FIELD TESTING OF THE PROTOTYPE FPTD (TASK F)

.

5. Although some guidelines for selecting depth of water injec-

tion probe and location and depth and spacing of sensing

probes were established during the LABORATORY EVALUATION OF

THE PROTOTYPE FPTD (TASK E) , it is felt that additional

research is required to confirm and optimize the selection

of these parameters.

6. Finally, in order to develop and demonstrate the full poten-

tial of the equipment, it is recommended that the FPTD be

subjected to a broad program of field testing under the

most diverse conditions that might be expected to be encoun-

tered in routine use.
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APPENDIX A

Design, Construction and Operation

Details of Laboratory Test Areas

Design of Test Areas (Subtask B-l)

General Physical and Operational Features of the Subsystems

Based on the criteria summarized in the previous sections as

well as certain physical and equipment limitations, a laboratory per-

meability testing system was designed that consisted of two indepen-

dent sets of three cells and their associated hydraulic circulation

and saturation/underdrainage subsystems. The specific system and

subsystem features and characteristics are described in the following

sections. In addition, the rationale for the various characteristics

of the system and subsystems is discussed.

Individual cell subsystem . A cell having internal dimensions

of 5 feet (1.52 m) x 6 feet (1.83 m) in plan by 4 1/2 feet (1.37 m)

deep was selected on the basis of providing sufficient space to mini-

mize boundary effects, allow simulation of typical pavement sections,

and still not exceed the lifting capacity of the overhead crane. The

actual plan area of the simulated pavement section was reduced to 5

feet (1.52 m) x 5 feet (1.52 m) to provide two 6 inch (152.4 mm)

sections at either end of the test specimen for a pervious screen

and water reservoir. The two water reservoirs were utilized to con-

trol the hydraulic head at either end of the specimen in order to

maintain steady sheet flow. To provide adequate structural stability

for the various handling and loading conditions as well as minimize

construction complexities, a 6 inch (152.4 mm) wall and base slab

thickness was selected. Thus, the outside plan dimension of the

cell was 6 feet (1.83 m) x 7 feet (2.13 m) . The 5 foot (1.52 m) cell

height, or 4 1/2 foot (1.37 m) internal height, was selected to permit

the simulation of a pavement section consisting of a maximum of three

18 inch (457.2 mm) layers. A network of pipes was incorporated into

the base slab to provide a mechanism for saturation and underdrainage

of the pavement section. Both an inlet and outlet were provided for

the saturation/underdrainage pipe network. In addition, two 3 inch
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(76.2 mm) conduits were provided for both the upstream and downstream

water reservoirs in the cell. A schematic drawing of an individual

cell illustrating the features described above was presented earlier

in Figure 8.

On the basis of available resources, costs, project requirements,

and personnel expertise it was decided to construct the cells of

reinforced concrete. Steel requirements (size, quantity, and place-

ment) were based on current ACI Code recommendations, conservatively

estimated loads, and the elastic method of analysis. Special attention

was given to reinforcing steel placement in an attempt to prevent

cracking under all possible handling and operational conditions.

Reinforcement placement details were presented in an earlier report

(91).

Special steel channel sections were designed and fabricated for

placement in the vertical walls of the cell as illustrated in Figure

8. These channels supplied the guideway for the pervious metal grates

utilized to contain the simulated pavement section adjacent to the

upstream and downstream water pools. The retaining screens consisted

of a commercially available steel walkway grating 1 1/2 inch (38.1 mm)
2 2

x 3/16 inch (4.76 mm) @ 10.3 lb/ft (50.3 kg/m ). Anchors were also

embedded in the walls of the cells to provide lifting points for

handling and positioning.

Based on a consideration of the hydraulic requirements of the

various layer thicknesses and permeability combinations, as well as

equipment limitations and material handling needs, it was decided to

construct two three-cell laboratory permeability systems with inde-

pendent hydraulic circulation systems. Thus, a total of six cells

having the characteristics previously discussed were constructed.

As discussed in the immediately following section, the major differ-

ence in the two independent systems was the hydraulic pumping and

measurement systems.
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Hydraulic circulation subsystem . Based on the range of base and

subbase layer thicknesses, from 3 inches (76.2 mm) to 18 inches (457.2
-4

mm), and permeabilities, from 10 cm/sec to 10 cm/sec, to be consi-

dered, quantities of flow ranging from less than 1 gpm (6.31 x 10

3 -3 3
m /sec) to as much as 100 gpm (6.31 x 10 m /sec) were possible. To

minimize water quantity as well as supply and equipment requirements,

it was decided that a closed-loop hydraulic circulation system would

be utilized for each of the three cell test systems. Although

it was decided that each cell in the three cell system should be

capable of independent operation, simultaneous operation of all the

cells was also a possibility. Thus, a maximum pumping requirement of
-2 2

300 gpm (1.89 x 10 " m /s) was established for the high permeability

cell system (HPCS). To make use of available equipment, the maximum

pumping capacity for the low permeability cell system (LPCS) was lim-
-3 3

ited to 50 gpm (3.16 x 10 m /s) . Another consideration in the

decision to utilize two independent cell systems was the precision

and accuracy of conventional, low-cost flow measurement equipment.

On this basis, magnetic drive mainline flow meters (Lucern Multijet)

were selected for use in the HPCS whereas a manual method of flow

measurement was developed for the LPCS.

Each hydraulic circulation system consisted of a pump, a sump

tank, constant head tanks, a pipe network, and a flow measurement

system (flow meters or manual method). The pipe network was designed

to accommodate the estimated quantities of flow, permit independent

or coupled cell operation, provide a means of coarse-flow adjustment,

and permit recirculation of water. Upstream and downstream constant

head tanks were provided for each cell in order to maintain a con-

stant differential head condition across the simulated pavement base

or subbase layer.

Saturation/underdrainage subsystem . An independent network of

1 inch (25.4 mm) diameter pipes at approximately 8 inch (203.2 mm)

centers was provided in the base of each cell for use in saturating
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and/or underdraining the pavement section. The pipes were embedded

in the base and placed perpendicular to the direction of flow so as

to minimize the potential for piping. The pipe network was a flow-

through system so it could be flushed and saturated before use. A

tank was attached to the pipe network to supply water for saturation

of any portion of the simulated pavement section.

Physical and Operational Features of the Test Cell Systems

As stated earlier, both a low and high permeability laboratory

testing system were designed to satisfy the objectives of the project

and meet the previously listed design, construction, and operational

criteria. Both systems were composed of the three major subsystems

described above: i.e., individual cell, hydraulic circulation, and

saturation/underdrainage. The basic cell and hydraulic configuration

that is common to both systems is illustrated schematically in

Figure 9, which was presented earlier. Because the size and opera-

tional characteristics of the two systems differ somewhat, they will

be discussed separately in the following sections.

High permeability cell system . This system will permit a maxi-
-2 3

mum of 300 gpm (1.89 x 10 m /s) flow through all the cells (i.e.,
-3 3

one cell can have a maximum of 300 gpm (1.89 x 10 ' m /s) flow when

the other two cells are not operative) and a minimum of 35 gpm (2.21
-3 3

x 10 '
in /s) flow through the first soil layer in any cell. The

second condition is due to the requirement of the flow meters (the

flow meters have upper and lower range within which they are accurate)

The system is such that either one or more cells can be operated at

a time. The flow is measured automatically by the flow meter

installed on the outlet line from the cell.

The pump suction line is 2 1/2 inch (63.5 mm) diameter and the

discharge line is a 2 inch (50.8 mm) diameter line. All the other

piping is 3 inch (76.2 mm) diameter.
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Both upstream and downstream constant head tanks are made from
3

55 gallon (0.208 m ) barrels. In the upstream constant head tank,

existing 2 inch (50.8 mm) diameter openings in the base of the barrels

are used for inlets from the pump. Two 3 inch (76.2 mm) diameter

openings are provided in the barrels, one for discharge into the cell

and the other for overflow to the sump tank. In the downstream

constant head tank, existing 2 inch (50.8 mm) and 1 inch (25.4 mm)

diameter openings are blocked and two 3 inch (76.2 mm) diameter open-

ings are provided, one to receive discharge from the cell and the other

for overflow leading to the sump tank. The overflow pipes in the

constant head tanks are exchangeable so that 3 inch (76.2 mm) diameter

pipe sections of the appropriate length can be installed to keep the

water levels at the desired elevations. The constant head tanks are

placed on pedestals formed by 8 inch (203.2 mm) x 8 inch x 8 inch

concrete blocks.

Low permeability cell system . This system will permit a maximum
-3 3

flow of 30 gpm (1.89 x 10 m /s) through all the cells (i.e., one
-3 3

cell can have maximum of 30 gpm (1.89 x 10 " m /s) flow when the other

two cells are not operative). In this system, one cell has an inde-

pendent return pipe of 2 inches (50.8 mm) diameter to the sump tank

whereas the other two cells have a combined return pipe of 2 inches

(50.8 mm) diameter to the sump tank. The cell with independent return
-3 3

pipe has a maximum capacity of 30 gpm (1.89 x 10 m /s) flow when the

other two cells are not operative.

The flow is measured manually in this system. Two valves are

provided by introducing a 'tee' in the return piping. When a measure-

ment is to be made, one valve is closed to stop water returning to

the sump tank while the other valve is opened to receive water in a

measuring container. When high flow is introduced in the first cell

(where the return to the sump tank is independent) , measurement can

be made by introducing a flow meter in the return piping.
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The pump suction line is 1 1/2 inch (38.1 mm) diameter and the

discharge line is 1 inch (25.4 mm) in diameter. All the other piping

is 2 inch (50.8 mm) diameter. The piping is such that one or more

cells can be operated at one time. All the piping is PVC Schedule

40 with the exception of the pump suction pipe which is galvanized.

Both upstream and downstream constant head tanks are made from
3

55 (0.208 m ) gallon barrels. In the upstream constant head tank,

existing 1 inch (25.4 mm) and 2 inch (50.8 mm) diameter openings are

used to receive discharge from the pump and to discharge into the

cell, respectively. An additional 2 inch (50.8 mm) diameter opening

was provided for overflow. In the downstream constant head tank, the

existing 1 inch (25.4 mm) diameter opening is blocked but two 2 inch

(50.8 mm) diameter openings are provided for inflow and overflow,

respectively. All the other arrangements are the same as the high

permeability cell system.

Summary . Although the two cell systems are physically and

operationally almost the same, certain differences do exist. The

physical differences are summarized in Table 8 which itemizes the

various component characteristics and sizes. Detailed drawings of

the high and low permeability test cell systems, including bills of

materials, are included in Figures 30 and 31, and 32 and 33, respec-

tively. Both drawings represent the "as-built" systems.

Construction of Test Areas (Subtask B-2)

Fabrication of the Individual Test Cells

The conventional method of constructing a reinforced concrete

tank in stages, with construction joints, was rejected to minimize

the potential for leakage and to avoid elaborate waterproofing

measures. Instead, the tank was constructed using a single concrete

pour, thus eliminating the need for joints. To accomplish this,

each tank was poured in an inverted position (i.e., the base on top).

Three days after the pour, the side form work was removed, and the

122



Table 8. Design Summary

Component
Low Permeability

Cell System
High Permeability

Cell System

Concrete Cell

Pump

Pump Suction
Pipe^1 )

Pump Discharge
Pipe

Concrete Cell Inlet
and Outlet Pipes

Return Piping

Underdrainage
Piping

Constant Head Tanks

Saturation Tank

Sump Tank

Flow Measurement

6' (1.83 m) x 5' (1.52 m)

x 4.5' (1.39 m) inside;
Wt. 1300 lbs (5895.7 kg)

Brown and Sharp

e

Model No. 70886-8 RF
110 V Single Phase 0.50
H.P., 55 gpm (3.47 x 10

m3 /s)

-3

6' (1.83 m) x 5' (1.52 m)

x 4.5' (1.39 m) inside;

Wt. 1300 lbs (5895.7 kg)

Peerless Pump Model C

620 AM 3 Phase, 200 V
3 H.P.. 400 gpm (2.52 x
10"2 m3 /s)

1 1/2" (38.1 mm) Diameter 2 1/2" (63.5 mm) Diameter

1" (25.4 mm) Diameter

2" (50.8 mm) Diameter

2" (50.8 mm) Diameter

1" (25.4 mm) Diameter

55-gal. (0.208 m3 )

barrels

55-gal. (0.208 m3 )

barrels

100-gal. (0.375 m3 )

trough type tank, 4'

(1.22 m) x 2' (0.61 m)

x 2' (0.61 m) inside

Manual

2" (50.8 mm) Diameter

3" (76.2 mm) Diameter

3" (76.2 mm) Diameter

1" (25.4 mm) Diameter

55-gal. (0.208 m3
)

barrels

55-gal. (0.208 m3 )

barrels

272-gaL (1.030 m3 )

trough type tank, 8'

(2.44 m) x 2.6' (0.76 m)

x 2' (0.61 m) inside

Lucern 2-Inch (50.8 mm)

Multijet Magnetic Water-
meter and/ or Manual

(1) Galvanized steel pipe. All other piping is PVC Schedule 40.
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cell was turned over and placed on its base. The central form work

"box", which consisted of four separate sides and a top, was then

removed. The forms were constructed of 3/4 inch (19.1 mm) plywood

braced by 2 inch (50.8 mm) x 4 inch (101.6 mm) and 2 inch (50.8 mm)

x 6 inch (152.4 mm) framing. Because of the nature and size of the

cell, considerable time was required for the design, construction,

and subsequent modification of the form work.

In addition to the placement of reinforcement, the grating chan-

nels, anchors, inlet /outlet pipes, and saturation/underdrainage pipe

networks had to be positioned in the form work.

The portland cement concrete mixture utilized for fabrication of

the cells was designed to have low shrinkage and good placement char-

acteristics and achieve a strength of approximately 3,000 psi (2.109
fi 9 ft 7

x 10 kg/m ) in three days. The 3,000 psi (2.109 x 10 kg/m ) com-

pressive strength permitted the cells to be handled at the end of a

three day curing period. Thus, after the external forms were stripped,

the cells were inverted using a 10 ton (9071.8 kg) capacity overhead

crane and the anchors provided in the sides of the cells.

At some later time, the cells were tested for leakage by main-

taining them full of water for a three-day period. The only leakage

that was observed under these conditions was a minor amount around a

3 inch (76.2 mm) diameter inlet pipe. Stoppage of this leakage was

accomplished by applying an epoxy-based sealing compound to the

affected areas. Following the leakage tests, the cells were coated

with two applications of a commercially available waterproofing

compound, "SAHARA." The purpose of this coating was two-fold: (a)

to minimize any potential leakage through the cell walls and (b) to

create a rough surface texture on the walls of the cell to minimize

piping potential. After painting and water testing of the cells, 1/2

inch (12.7 mm) diameter holes were drilled at approximately 6 inch

(152.4 mm) centers in the saturation/underdrainage pipe network cast

into the base of the cell.
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To permit gravity return flow from the downstream constant head

tank to the sump tank, the three individual cells in a system were

placed on two steel beams. The two steel beams were covered with wood

to minimize the potential edge cracking of the cells when they are

tilted in conjunction with permeability testing.

Hydraulic Circulation System

After the constant head and saturation tanks were fitted with

the appropriate connections, they were positioned and placed on

pedestals consisting of 8 inch (203.2 mm) concrete blocks. The sump

tank and pump were placed in positions at floor level to minimize

space, connection, and piping requirements. The hydraulic circula-

tion pipe system was then fabricated for the established positions

of the tanks and cells. As indicated in Table 8, the pipe sizes

varied with pump size and the relative permeability of the pavement

section to be investigated. Special consideration was given to the

pipes and connections between the constant head tanks and the cells

to insure sufficient flexibility when the tanks are tilted. The

majority of the piping and connections utilized to fabricate the

hydraulic circulation system pipe network was PVC Schedule 40. How-

ever, because of certain supply deficiencies, some galvanized steel

fittings were used in lieu of PVC. Brass valves were utilized through-

out both test cell systems. Following completion of the fabrication

of the hydraulic circulation system, the operation of the system

was checked by pumping water through it. Any leakage noted during

the pumping test was corrected and checked again for satisfactory

performance.

Figures 34 and 35 are photographs of the low permeability cell

system. Similarly, Figures 9, 36, and 37 are photographs of the high

permeability cell system. Figure 38 illustrates the grating detail

which is common to both systems.
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Operation of the System

Prior to utilizing the cell systems for testing purposes, their

operation was checked to insure satisfactory performance under antici-

pated operating conditions. At different flow rates, established by

adjusting the sump return valve, the water level in the downstream

constant head tank was monitored for fluctuation. Although little

fluctuation was noted, several desirable modifications/additions to

the system were identified. Firstly, at peak flow in the LPCS it

was observed that the constant head tank outlet had a tendency to

surge (i.e.., periodically inundate the overflow pipe). This problem

was solved using a bell-mouth overflow pipe. Secondly, to obtain more

precise measurements of the upstream and downstream pressure heads,

piezometer tubes were installed at both the inlet and outlet reser-

voirs of the individual cells.

Operation of the cell system for determination of the permeabil-

ity of various layers of a pavement system is accomplished in the

following steps:

1. With tank in a horizontal position, place and compact soil/

aggregate layers in the simulated pavement section to

desired thicknesses and densities.

2. Tilt tank to desired grade to produce uniform sheet flow

at appropriate hydraulic gradient under operating conditions.

3. Saturate simulated pavement section by upward flow of water

from the saturation/underdrainage system.

4. Install upstream and downstream overflow pipe sections at

required elevations.

5. Establish steady state flow conditions through the layer(s)

by adjusting sump return valve and monitoring upstream and

downstream piezometric levels,

6. Determine the quantity of flow through the soil/aggregate

layer (s) using the manual method for the LPCS or the flow
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meters or manual method for the HPCS.

7. Repeat steps 4 through 7 for additional layers. For multi-

layer systems, the flow through each additional layer must

be determined from the total quantity of flow and the

quantity of flow through the previous layer (s).

The soil/aggregate is uniformly placed in the cell using a con-

crete hopper bucket adapted for use with typical base and subbase

materials. Because of the physical characteristics of the cell, the

layer is enclosed on two sides by the walls of the cell and on two

sides by the steel walkway gratings. As necessary, filter fabric

and/or wire mesh (1/4 inch (6.35 mm) square openings) is utilized

between the layer and the grating to prevent the loss of material

through the upstream and downstream gratings. Compaction of the

layer is accomplished by multiple passes of a Model PCS-30 Homelite

Plate Compactor purchased for use in the project. Density determin-

ations of the in place layer may be based on the weight and volume of

the as compacted layer and/or by use of a nuclear moisture-density

gage.

After flushing air from the saturation/underdrainage pipe net-

work, water from the saturation tank is permitted to flow upward

through the layer to produce an essentially saturated condition. The

flow conditions during this process are carefully monitored to insure

that piping and/or disturbance of the layer does not occur. Once

the appropriate saturation process has been completed, the valve to

the saturation tank is closed to prevent any flow into or from that

system.

(1) (TM)
Mirafi 140 Fabric, Celanese Fibers Marketing Company, New
York.
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To produce uniform sheet flow through the pavement layer at the

appropriate hydraulic gradient, the tank is tilted to the desired

position with wooden chocks. The tank is tilted by use of the over-

head crane and the lifting anchors embedded in the cell walls. A

surveying level is utilized to establish the appropriate elevations

of the upstream section of the cell as well as for the overflow pipes

in the upstream and downstream constant head tanks. In addition, the

level is used to determine the average thickness of the compacted

soil/aggregate layer (s).

Once the pump is started to initiate flow through the system,

the upstream and downstream piezometric levels are monitored to verify

the establishment of steady state flow conditions. Coarse adjustment

of the required quantity of flow can be accomplished by use of the

sump return valve provided in the hydraulic circulation system. Fine

adjustment of the flow quantity is automatically accomplished by the

overflow pipe in the upstream constant head tank. The appropriate

hydraulic gradient is maintained by properly positioned overflow pipes

in both the upstream and downstream constant head tanks,

After steady state flow conditions are established, the quan-

tity of flow is determined by the manual method for the LPCS and by

flow meters or the manual method for the HPCS. On the LPCS, valves

are appropriately located to permit collection of flow passing through

the downstream CHT overflow pipe. A sufficient number of flow mea-

surements are taken to insure satisfactory accuracy. The flow meters

in the hydraulic circulation system of the HPCS will be utilized to

determine the steady state flow quantity for the high permeability

tests. In addition to instantaneous flow quantities, the flow meters

also permit determination of accumulated flow quantities. Thus, a

more accurate determination of the average quantity of flow is

possible.

In testing a multi-layered system, the testing must progress

from bottom to top in sequence. In that way, the quantity of flow
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passing through each preceding layer or combination of layers will

be known. Based on this information plus the physical dimensions of

the layers and the hydraulic gradient, the average horizontal coeffi-

cient of permeability for each layer can be calculated using the

following equation:

h i A
n

where k = the coefficient of permeability of the layer under consi-

deration,

q = the flow rate through the layer under consideration =

q~Vl '

i = hydraulic gradient, and

A = area of layer under consideration = thickness of layer

(T ) x width of layer (B)

.

n

As indicated above, the value of the flow rate for the layer

under consideration (q ) is calculated using the following equation:

q„
= q-q„ in n-i

where q = the total flow rate through the section undergoing steady

state sheet flow and

q , = the total flow rate through the preceding layer or
n—

1

layers

.

Thus

,

I n

q = L %
i=l

and
n-1

Vl = £ q
i

i=l

where n = number of layers undergoing steady state sheet flow for a

given test.
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APPENDIX B

Design and Construction Details

For Prototype Field Permeability

Test Device

Reservoir and Pressure Subsystem

As indicated above, the reservoir and pressure system consists

of the fresh water supply tanks, a salt water supply tank, and a

pressure source (Figure 15)

.

The fresh water supply tanks provide the source of water for

saturating the base or subbase and establishing steady state flow

during permeability testing. These tanks were constructed from two
3

55 gallon (0.208 m ) steel drums, which are supported on a timber

frame as shown in Figure 39. The tanks are connected at the bottom

by a 3/4 inch (19.05 mm) galvanized pipe manifold to a single 1/2

inch (12.7 mm) O.D. plastic tubing, which constitutes the main water

supply line. This water supply line is provided with a shut-off

valve. One of the tanks is equipped with a water level indicator

consisting of 1/4 inch (6.35 mm) O.D. plastic tubing which is con-

nected to the pressure source. The tanks are also provided with

gasketed caps that can be removed so that the water supply system

can operate under atmospheric pressure if desired.

The salt water (electrolyte) supply tank, which is constructed

from 6 inch (152.4 mm) O.D. plexiglass tubing with a 1/4 inch (6.35

mm) wall thickness, is supported on an adjustable frame made of

1 1/4 inch (31.75 mm) x 1 1/4 inch (31.75 mm) x 1/8 inch (3.18 mm)

steel angles. The salt water tank and its supporting frame are

shown in Figure 40. The adjustable frame permits the tank to be

raised or lowered so that the salt water level is the same as the

fresh water level during testing. The 1/2 inch (12.7 mm) O.D.

plastic outlet tubing from the tank is provided with a shut-off

valve. The top of the salt water tank is connected to the pressure

source with 1/4 inch (6.35 mm) O.D. plastic tubing.

The pressure source consists of cylinder of nitrogen equipped

with a coarse pressure regulator. Fine pressure control is provided

by an additional pressure regulator in the plastic line between the
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nitrogen tank and the water supply tanks.

Control and Measurement Subsystem

The Control and Measurement Subsystem, which is shown schemati-

cally in Figure 16, consists of the hydraulic controls, the electri-

cal sensing system, and the pressure sensing system. The details of

the system are shown in Figure 41.

The hydraulic controls on the water supply line consist of a

three-way valve and a fine adjustment valve. The three-way valve

provides for shut off of the water supply or access to either the

fresh water supply or the salt water supply. The fine adjustment

valve, as "the name implies, provides for precise control of the

water supply to the water injection probe. The fresh water and salt

water inlets and outlet tubing are provided with quick-connect

couplings for rapid connection to the other subsystems of the FPTD.

Each of the two electrical sensing circuits consists of a

rechargeable battery, toggle switch, variable resistor, and DC micro-

ammeter with connecting wire and phono plug. The variable resistor

allows for the adjustment of the response of the microammeter, and

the phono plug provides for the connection of the sensing circuit

to the electrodes in the sensing probes. The on-off switch allows

the sensing circuits to be opened after microammeter deflection

during testing to avoid overloading and damaging the microammeters

.

The pressure sensing system, which is used to determine the

head difference between the pressure taps contained in the sensing

probes, consists of a Dwyer manometer with 1/4 inch (6.35 mm) O.D.

plastic supply lines. Each of the manometer supply lines is

It was originally anticipated that the head loss between sensing

probes would be measured using Capsuhelic Differential Pressure

Gages, manufactured by Dwyer Instruments, Inc. However, these

gages proved to be unreliable for long term use, and they were
abandoned in favor of the more reliable manometer system.
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interconnected with the fresh water supply line and provided with a

three-way valve to permit shut-off or flushing of the manometer

lines to remove entrapped air if encessary. The manometer supply

lines are equipped with quick-connect couplings for rapid connection

to the pressure tap lines on the sensing probes. The sloping

position of the manometer, shown in Figure 41, was established so

that the manometer would be direct reading on the attached scale

up to 3 inches (76.2 mm) of water with the blue indicator fluid

provided. This makes it critical that control and measurement sub-

systems be level during testing. Thus, this unit has been provided

with level indicator bubbles so that its position can be properly

adjusted during setup prior to testing.

Plate and Probe Subsystem

As indicated earlier, the plate and probe system consists of the

horizontal plate, the water injection probe and the sensing probes.

Two versions of the 18 inch (457.2 mm) diameter aluminum plate are

shown in Figure 42. Both versions are equipped with a central port,

through which the water injection probe is inserted, and radially

located ports through which the sensing probes can be inserted. The

original plate was recessed on the bottom to permit the placement of

a soft rubber seal between the surface of the plate and the base or

subbase. However, during field evaluation of the FPTD, some diffi-

culty was encountered occasionally with the development of piping at

the interface between the plate and the base or subbase. In an effort

to avoid this difficulty, a revised plate was prepared with annular

projections as shown in Figure 42.

The water injection probe, shown in Figure 43, simply consists

of 1/2 inch (12.7 mm) O.D. copper tubing with a pointed steel tip.

It is equipped with 1/4 inch (6.35 mm) diameter holes located on

3/8 inch (19.05 mm) centers. During testing, the probe is oriented

so that these holes point in the direction of the row of plate ports,
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ORIGINAL PLATE

1/1"-

3/1"

- 1/1"

NOTE: 1 FT. = 0.3018 METER

1 IN. = 25.1 MILLIMETERS

ITEM LIST OF MATERIALS

1 ALUMINUM PLATE

2 SWAGELOK CAT. NO. 13-810-1-12

3 SWAGELOK CAT. NO. B-100-1-2

1 SWAGELOK CAT. NO. B-102-1, OR

1 SWAGELOK CAT. NO. 100-P

5 SWAGELOK CAT. NO. B-812-1

Figure 42. Original and Revised Plates
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i.e., in the direction of testing. Water injection probes were

made in several different lengths to suit the geometry of the test

situation.

The sensing probes, detailed in Figure 44, were constructed from

1/4 inch (6.35 mm) O.D. stainless steel tubing with a brass tip. The

tip contains four 3/32 inch (2.38 mm) diameter ports to permit the

access of water to the manometer for head measurement. A two wire

electrode is brought down through the sensing probe and secured in

the tip with epoxy. The sensing probes were made in various lengths

to suit the geometry of the test situation.
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FEDERALLY COORDINATED PROGRAM OF HIGHWAY
RESEARCH AND DEVELOPMENT (TCP}

The Offices of Research and Development of the

Federal Highway Administration are responsible

for a broad program of research with resources

including its own staff, contract programs, and a

Federal-Aid program which is conducted by or

through the State highway departments and which

also finances the National Cooperative Highway-

Research Program managed by the Transportation

Research Board. The Federally Coordinated Pro-

gram of Highway Research and Development

(FCP) is a carefully selected group of projects

aimed at urgent, national problems, which concen-

trates these resources on these problems to obtain

timely solutions.' Virtually all of the available

funds and staff resources are a part of the FCP.

together with as much of the Federal-aid research

funds of the States and the NCHRP resources as

the States agree to devote to these projects."

FCP Category Descriptions

1. Improved Highway Design and Opera-

tion for Safety

Safety R&D addresses problems connected with

the responsibilities of the Federal Highway

Administration under the Highway Safety Act

and includes investigation of appropriate design

standards, roadside hardware, signing, and

physical and scientific data for the formulation

of improved safety regulations.

2. Reduction of Traffic Congestion and

Improved Operational Efficiency

Traffic R&D is concerned with increasing the

operational efficiency of existing highways by

advancing technology, by improving designs for

existing as well as new facilities, and by keep-

ing the demand-capacity relationship in better

balance through traffic management techniques

such as bus and carpool ^preferential treatment,

motorist information, and rerouting of traffic.

* The complete "-volume official statement of the FCP is

available from the National Technical Information Service

(NTIS), Springfield, Virginia 22161 (Order No. PB 242057,

price $45 postpaid). Single copies of the introductory

volume are obtainable without charge from Program
Analysis (HRD-2), Offices of Research and Development,

Federal Highway Administration. Washington, D.C. 20590.

3. Environmental Considerations in High-

way Design, Location, Construction, and
Operation

Environmental R&D is directed toward identify-

ing and evaluating highway elements which

affect the quality of the human environment.

The ultimate goals are reduction of adverse high-

way and traffic impacts, and protection and

enhancement of the environment.

4. Improved Materials Utilization and Dura-
bility

Materials R&D is concerned with expanding the

knowledge of materials properties and technology

to fully utilize available naturally occurring

materials, to develop extender or substitute ma-

terials for materials in short supply, and to

devise procedures for converting industrial and

other wastes into useful highway products.

These activities are all directed toward. the com-

mon goals of lowering the cost of highway-

construction and extending the period of main-

tenance-free operation.

5. Improved Design to Reduce Costs, Extend
Life Expectancy, and Insure Structural

Safety

Structural R&D is concerned with furthering the

latest technological advances in structural de-

signs, fabrication processes, and construction

techniques, to provide safe, efficient highways

at reasonable cost.

6. Prototype Development and Implementa-

tion of Research

This category is concerned with developing and

transferring research and technology into prac-

tice, or, as it has been commonly identified,

"technology transfer."

7. Improved Technology for Highway Main-

tenance

Maintenance R&D objectives include the develop-

ment and application of new technology to im-

prove management, to augment the utilization

of resources, and to increase operational efficiency

and safety in the maintenance of highway

facilities.
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