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FOREWORD

A review of methods for estimating embankment construction pore pres-
sures was made, and a summary of observed pore pressures in embankments
constructed by the Corps of Engineers and other agencies was compiled by
the U. S. Army Engineer Waterways Experiment Station (WES) at the request
of the Office, Chief of Engineers (OCE). This study was authorized and
initiated under CWI 531 (now ES 531) in fiscal year 1963.

The study was based primarily on information received from other
Corps of Engineers offices and obtained from a literature search. Engi-
neers engaged in the study included Miss M. A. Ledbetter, Mr. J. W. Snyder,
and Mr. G. W. Clough, Embankment and Foundation Branch, Soils Division,
WES. This report was prepared by Mr. Clough and Mr. Snyder under the gen-
eral supervision of Messrs. W. J. Turnbull, A. A. Maxwell, J. R. Compton,
and W. C. Sherman, Jr., of the Soils Division, and was reviewed and
approved by OCE prior to publication.

Directors of the WES during this study and the preparation of this
report were Col. Alex G. Sutton, Jr., CE, and Col. John R. Oswalt, Jr., CE.
Technical Director was Mr. J. B. Tiffany.
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SUMMARY

The purpose of this study was to summarize observed pore pressure
data from CE dams and published data from other agencies on methods of pre-
dicting and determining the development of pore water pressure in earth
dams, A summary of theoretical methods for predicting pore pressures is
included to assist in the interpretation of the selected data from CE,
USBR, and foreign sources presented herein.

Construction characteristics and pore pressure data from 10 CE dams,
2Ly USBR dams, and 9 foreign dams are summarized and compared in an effort
to draw conclusions on construction pore pressures in earth embankments.
This study determined that because of the numerous factors which influence
pore pressure buildup, broad conclusions for all earth dams are very diffi-
cult to make and each dam must be treated individually with respect to
predicting construction pore pressures.

Conclusions indicated as a result of this study are:

a. Provisions for internal drainage effectively relieve
construction pore pressures in earth embankments.

b. Pore pressure ratios in embankment materials increase rapidly
as placement water content increases, especially above opti-
mum water content.

c. DPore pressures increase with increasing dam height, but even
low dams (less than 100 ft in height) can develop large pore
pressures.

It is recommended that standardization of piezometer installations
and data recording would facilitate obtaining useful information for
further understanding of the factors affecting pore pressure development.

Included in this report are a selected bibliography of pore pressure
literature, and, in appendixes, a tabulation of CE division office responses
to the data request for this study and sketches of different piezometer tips
used in dams included in this study.
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EMBANKMENT PORE PRESSURES DURING CONSTRUCTION

PART I: INTRODUCTION

Purpose

1. Methods available to design engineers for predicting the develop-
ﬁent of pore pressures during the construction of earth dams are quite
numerous but, unfortunately, few have proven reliable or have general ap-
plication. For this reason, many practicing designers have used a "rule of
thumb" approach for estimating construction pore pressures, which is gener-
ally based on past experience. This approach aséumes that the pore pres-
sure at a given point will be equal to a certain percentage of the over-
burden pressure. This approach is of questionable value and does not pro-
vide any certainty of the safety of the design. The Office, Chief of Engi-
neers, therefore requested the U. S. Army Engineer Waterways Experiment
Station (WES) to review various theoretical methods for predicting con-
struction pore pressures and to prepare a summary of observed pore pressure:
data from the files of Corps of Engineers (CE) offices and published data

from other agencies.

Scope

2, Familiarity with the theoretical methods for predicting construc-
tion pore pressures provides an insight to the variation of these pore
pressures with different soil types, placement conditions, etec. To facili-
tate understanding of the various theoretical methods, they have been sum-
marized in Part II.

3. In addition to the review that was made of theoretical methods
for estimating pore pressures during construction, embankment pore pressure
data recorded by the CE were collected and summarized. These data were
furnished in response to a letter dated 28 June 1963 (see Appendix A) sent
by WES to all CE division offices. Table Al is a summary of the responses

to this letter with comments as to the utilization of the data furnished



in the study. In several cases, the data provided were not pertinent to
the objectives of the study. For instance, pore pressures indicated by
piezometers installed after construction was completed could not be con-
sidered, since they probably reflected time lag as well as seepage and/br
dissipation effects and did not apply to conditions during or at the end of
construction. The pore pressure data used in the study consisted of mea-
surements in the embankment soils only during or after construction as in-
dicated by piezometers installed prior to the completion of the dam. Only
those data recommended by the respective division offices as being reliable
were utilized.

b, in addition to the data obtained from sources within the CE, WES
made a literature search to obtain data from other agencies engaged in
earth dam construction. These data, along with the data from CE sources,

are presented and analyzed subsequently in Parts III and IV.



PART IT: METHODS OF ESTIMATING EMBANKMENT PORE
PRESSURES DURING CONSTRUCTION

Bruggeman, Zanger, and Brahtz (1939)

5. The first analytical method for dealing with construction pore
pressures in an embankment was published by the U. S. Bureau of Reclamation
: ¥
(USBR) in 1939 13

by the method provided certain physical characteristics of the soil were

Pore pressures in a transient state could be determined

known. The theory is relatively complex and is not presented here. The
basic development rests on the assumption that the time rate of change of
the sum of the volumes of the moisture and the free air in an earth mass is
caused by: (a) flow into the unit volume due to percolation, and (b) change
in the free air volume due to changes in pressure and temperature. This
time rate of change is equated to the time rate of consolidation, and the
integration of this equation provides the solution for the problem of
transient pore pressures.

6. Although this method provided a solution to- the problem of tran-
sient construction pore pressures, later criticisms of its basic assump~
tions and procedure have limited its use. Hilf25 in 1948 proposed the
assumption of no drainage to avoid the mathematical difficulties associated
with the unsteady state of flow. In the same article, Hilf criticized the
assumption of a constant bulk modulus for a soil to obtain solutions for
dissipation of pore pressure. In 1956 Hilf26 proposed that the neglect of
surface tension used in the method was not justified. Tcherepennikoffuu in
1955 questioned the use of Boyle's law to express the compressibility of
air by assuming a constant temperature throughout the embankment, since he
had observed that there was an increase in temperature in the lower part
of the fill. Although the method developed by Bruggeman et al has
fallen into disuse, its initial value cannot be denied since it provided

a solution when there were no others.

% Raised numerals refer to similarly numbered items in Selected Bibli-
ography at end of text.



Hilf (19u8)

7. Utilizing the groundwork laid by Bruggeman et al,l3

but avoiding
complicated mathematical difficulties by assuming a condition of no drain-
age, Hilf'25 developed a simplified approach to the estimation of embankment
pore pressures during construction. With a condition of no drainage,
Bruggeman et al had postulated that the pore water pressure in a consoli-
dating soil could be related to the amount of compression by combining
Boyle's law for the compressibility of air with Henry's law for the solu-

bility of air in water. Hilf expressed this by the equation

PaA
YEY vV - A (1)
a w
where
u = total air pressure after consolidation minus atmospheric pressure
Pa = air pressure after compaction
A = consolidation or volume change in percentage of initial volume of
S01l mass
Va = volume of free air in the voids after compaction in percentage of
initial volume of soil mass
H = Henry's constant of solubility of air in water Dby volume
VW = volume of water in the voids in percentage of initial volume of

soil mass

Upon saturation of the soil mass by pressure, A =‘Va , and the expression

is reduced to

. u = =2 (2)

This relation is correct as long as no drainage occurs and if the surface
tension can be neglected (i.e. if air pressure equals pore water pressure).

8. With the relation between pore water pressure and compression
thus established by equations 1 and 2, Hilf used the laboratory consolida-
tion test to relate effective stress to compression by plotting a

consolidation-stress curve from the test (fig. 1). Both relations are
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Fig. 1. Method of predicting construction pore pressures (Hilf25)
unique for a given set of conditions. From these curves then, curves for
total stress (o) versus consolidation, and subsequently curves of effective
stress (E) versus pore pressure and total stress versus pore pressure were
developed. The last curve (c versus u) is used to estimate field pore
pressures (see fig. 1). With the assumption that o¢ is equal to the
weight of overlying fill, entering the curve o versus u with the ap-
propriate fill weight gives a corresponding value for the pore pressure.

To facilitate finding the ¢ versus u curve, Hilf developed nomographs
which would (a) solve for Va and HVw from the placement characteristics
and (b) solve equations 1 and 2 for a desired amount of consolidation.

9. In questioning the reliability of the method, Hilf noted that the
consolidation test with its conditions of complete lateral restraint might
not be .reproduced in the field. However, he concluded from field data that
this condition was approximated in the central regions of the dam core.
Because sufficient laboratory data were not available, Hilf was not able to

arrive at o versus u curves for comparison with piezometer readings in



USBR dams, but utilizing available field and laboratory data, he approxi-
mated the o versus u curves for Green Mountain and Anderson Ranch Dams.
Comparisons of these curves with piezometer readings plotted versus over-
burden pressure indicated that the curves yielded reasonable estimates of
pore pressures.

10. Although the assumptions used in the development of Hilf's
method limit its applicability, the method eliminated objectionable complex
mathematical difficulties encountered in use of the method developed by
Bruggeman et al. Criticism of the method has come from Hilf26 himself who
realized the weakness of assuming no surface tension. Additionally, the
assumption of no drainage is often overconservative, particularly where
internal drainage is provided. This drawback has been overcome by Li,29
who used Hilf's method but compensated for pore pressure dissipation during
construction. Although it can be justifiably argued that the overburden
pressure does not represent the vertical principal stress, Bishop6 has
shown that as long as the slopes of the dam are not too steep, this assump-
tion serves as a good approximation. Despite the drawbacks of Hilf's
method, it often enables a reasqnable estimate of construction pore pres-
sures to be made with data which are readily obtained from routine con-

solidation and compaction tests.

Rufenacht (1948)

35

11. In his approach, Rufenacht evaluated pore pressures due to

consolidation of a dam by use of an expression derived by O. K. Fr'o'lich.u5
Frolich applied Terzaghi's consolidation theory to the consolidation of a
clay layer in the process of sedimentation and established an expression
for the pore pressure at the bottom of the consolidating layer. Rufenacht
proposed that the sedimentation and resulting consolidation of a clay layer
were analogous to the placement of fill at an even rate and its resulting
consolidation. Three further assumptions were required to allow computa-
tion of pore pressures in an earth dam by FrOlich's expression: (a) the
rate of construction is represented by the velocity of sedimentation,

(b) the consolidation theory can be extended to unsaturated materials, and

6



(c) drainage occurs in a vertically upward direction only, irrespective of
the shape of the structure. Pore pressures at depths other than the bottom
of the clay layer were computed from the assumption that the isochrones
were parabolas.

12. Rufenacht concluded that his assumptions led to pore pressure
values which were on the conservative side, so much so that if they seemed
excessive, "a reduction could be effected by judgment, teking the shape of
the structure into consideration, particularly as regards possibilities of
lateral drainage." Of these additional assumptions, Rufenacht stated that
only the first would not introduce further error into the estimation of
pore pressure by Frolich's theory. Also it could be noted that the assump-
tion of parabolic isochrones would apply only if the foundation of the dam
were less pervious than the core of the dam, since otherwise drainage would
occur at the boundary between the core and the foundation. These and other

criticisms have limited the use of Rufenacht's method.

Skempton and Bishop (1954)

13. 1In 1948, Skemptonho proposed a solution for determining the pore
water pressure set up in a fully saturated soil expressed in terms of the
major and minor principal stresses, assuming that the undrained soil be-
haved in accordance with elastic theory. To compensate for the discrepancy
between elastic behavior and actual behavior of a soil, Skempton replaced
the elastic constants in the expression by a factor found in a laboratory

triaxial test, the commonly known "A" factor.
M = Aoy + A (Aoy - Adg) (3)

Through development by Skempton and his contemporaries,6’12’2h

a practical
pore pressure theory for use in predicting embankment pore pressure during
construction was published in two articles authored, respectively, by
Skempton and Bishop in l95h.ul’7

1k, Skemptonul extended his expression for pore water pressure in

saturated soils to unsaturated soils where



M1 =B [Acr3 + A (Aol - Ao3)] (%)

and B is another experimentally determined factor. The B factor was
found to range from O for completely dry soils to 1 for completely satu-
rated soils. For any given soil, the coefficient A was found to vary

7

with stresses and strains. Bishop' rearranged Skempton's expression for

more convenient handling as follows:

Ao
ﬁﬁi -B-B[1-(1-4) (1- Z;f)] (5)
The use of equation 5 involves the assumption of no dissipation of pore
pressures, since excess pore pressure is a function of applied stress only.
Bishop believed the form of equation 5 to be particularly useful since the
only stress required to calculate the pore pressure could be approximated
by the overburden pressure. Unfortunately, the factor B was found not to
be constant, but rather to be subject to variation with the principal
stress ratio Acyﬁﬁcl . Thus, Bishop suggested that for an accurate deter-
mination of the factor B for a given problem, a testing procedure should
be used in which the principal stresses in the tests approximate the actual
soil stress during construction of the dam.

15. Bishop noted in an article in 19579 that use of the method in
the form described herein regulted in overconservative results if allow-
ances were not made for drainage in dems with internal drainage provisions
which caused poie presgsure dissipation. Another important difficulty en-
countered in the use of the method is caused by the B factor. B depends
on both the A and B factors, both of which vary with the magnitude of
the stress. But if B is evaluated properly and drainage is absent, the
method presented by Bishop can provide reasonable estimates of the pore
water pressure. Several references were given by Bishop which illustrated
the proper application of the method to practical problems and served to
substantiate the validity of the me‘chodt.'?’Ql’)’L2

Bishop (1957)

16. The assumption of no drainage throughout construction of a dam



has been shown by Hilf25

to be valid for the central portion of the dam
core in the case of USBR dams. However, in the case of Usk Dam, a dam
compacted wet of optimum with numerous drainage blankets in the core,
Bishop8 found the assumption to be overconservative and pointed out that
pore pressure dissipation during construction shutdown resulted in a two-
fold effect on the value of excess pore pressure at the end of construction.
The first and most obvious effect is that of relief of pore pressure by
dissipation. The second effect occurs most significantly when solls are
compacted wet of optimum. After a period of dissipation of pore pressure,
the increase of pore water pressure with increasing stress was found to be
less than the increase before dissipation, thus the twofold effect.

17. To provide a solution for such cases, Bishop9 used an approach
similar to that previously described by Hilf,25 but Bishop allowed for the
twofold dissipation effect encountered after construction shutdown. As-
suming no drainage during active construction, the pore pressures were
estimated in the following manner:

a. A T versus A relation was established from either a
drained triaxial test or an undrained test with measured
pore pressures,

k=2

A u versus A relation was established by an expression
found using Boyle's law and Henry's law, assuming surface
tension to be negligible.

From these two curves, a u versus o¢ curve was estab-
lished and pore pressures up to the point of construction
shutdown were estimated (fig. 2).

Ke}

During a construction shutdown, dissipation of pore pressure occurs, com-
pressibility of the soil decreases, and effective stress increases. This
process is represented in fig. 2 by progressing from point la to 1b. The
total stress is constant during the shutdown; thus, the effective stress
increases by an amount equal to the drop in pore pressure, and the volume
change increases to Aib . With a new value of the pore pressure at the
beginning of active construction in the second stage, a new degree of
saturation and porosity was figured, thereby allowing a new relation be-
tween u and A to be calculated. As can be seen in fig. 2, the process
described above for a condition of no drainage during active construction
is repeated for stage 2 construction. The results of a set of typical cal-

culations are shown in fig. 3.
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18. As is noted by Bishop, the results of this method can be upset
by the changing state of shear in the dam, which is an indeterminate prob-
lem at the present. Additionally, the method can give somewhat conserva-
tive results if dissipation continues during active construction. This
effect, as will be shown, has been noted in a number of CE dams. However,
in providing for compensation for the twofold effect of pore pressure dis-
sipation during shutdowns, Bishop added to the accuracy of his method. The
method has been used for a number of dams having difficult design problems

and has provided reasonable estimates of the construction pore pfessures.

Bernell and Nilsson (1957)

19. Bernell and I\Iilsson)"L developed electrical analogy equipment for
the study of nonstationary, two-dimensional flow problems in earth dams
for the Swedish State Power Board. The equipment permitted analysis of
construction pore pressures at any time during the construction of the dam.
Though not completely described by Bernell and Nilsson, the equipment is
described as consisting of 400 capacitors inserted in an electrical resis-
tance network with special voltmeters for measuring the charge of the
capacitors. The process of consolidation, which may take several years in
earth embankments, is reproduced in less than 1 sec and can be stopped for
a study of the process step by step. With the equipment, the pore pres-
sure u at a time t can be determined by the following equation for two-

dimensional consolidation:

au=c<ﬁ+ﬁ> (6)
ot v 8x2 ay2
where Cv is the coefficient of consolidation whose value is obtained from
a triaxial consolidation test.

20. From the illustrations presented by Bernell and Nilsson, it
appears that difficult boundary conditions can be adequately reproduced in
the equipment. This model analogy approach to the problem of pore pres-
sures under nonstationary conditions is less difficult than the complex
mathematical approach which has negated the value of some earlier methods.

12



In the Scandinavian countries many dams are built by the wet-fill technique
because of prevailing field conditions. In this method the fill is placed
at near-saturation conditions; the Bernell and Nilsson method is particu-
larly applicable to this condition, since use of equation 6 assumes

saturation.
Li (1959)

21. Upon analysis of pore pressure data from the construction of
Quebradona Dam, Colombia, South America, Li29 concluded that a method for
predicting pore pressures should allow for dissipation of pore pressure
during active construction. Comparison of observed data with the predicted
values based on the assumption of no drainage revealed that the predicted
values were far too high. Li also noted that the rate of increase of
pore pressure decreased with the total lcading and ascribed this to the

9

same twofold effect of pore pressure dissipation analyzed by Bishop” for

cases of construction shutdown. The general approach chosen by Li is out-
lined as follows (fig. 4.
Obtain a T versus A relation from the consolidation test.

For an arbitrarily assumed increment of T , a A 1is chosen
and used to calculate a corresponding value of u using the
equation expressed by Hilf for a condition of no drainage
(equation 1). This point is denoted la in fig. k.

1o o

An assumed value of dissipation is chosen, in this case
1/3 u , and added to the T value, yielding the A at
which the initial pore pressure for the next loading will
be found. This change is illustrated in the tabulation in
fig. 4 by step 1lb. The pore pressure is now at point 1b.

o

|~

Assuming the degree of saturation remains unchanged, the
new conditions for use in Hilf's expression are calculated
by an expression derived by Li.

The process from steps la to 1lb is repeated until the maxi-
mum value is reached that is useful in design. A curve is
drawn through points 1b, 2b, etc., representing the actual
u versus A curve for the core of the dam.

o

f. A g versus A curve is plotted from the new wu versus A
curve and the T versus A curve.

Actual values of u versus A from Quebradona Dam are shown and compared

13
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with the theoretical values for various degrees of dissipation in fig. 5.
22, Li points out that the defect in his method is the assumption of

a percentage pore pressure dissipation, which must be made on the basis of

"engineering judgment." The method also can be no better than the accuracy

allowed by the use of Hilf's solution for construction pore pressures.

The real significance of Li's method is that even though a conservative

value of dissipation is chosen, the resulting estimated pore pressures

would be closer to reality than assuming no drainage at all.

Other References

23, In the literature review, certain references presented informa-
tion pertinent to the problem of estimating construction pore pressures in
earth embankments although this information did not necessarily deal with
the problem per se. These references are summarized chronologically in the
following paragraphs.

Daehn and Hilf (1951)

16
2., Daenn  recommended that pore pressures be accounbed- for in- the-

stability analyses of earth dems and that measuring devices be installed
in the embankment for observing pore pressures and settlement during and
after embankment construction. Data obtained from these measuring devices
can be used to determine the performance of the dam during and after con-
struction, and to provide information for the design of future dams. Fac-
tors to be considered in design are as follows:

Climatic conditions

a.
b. Length of construction season
c. Placement water content

d. Rate of embankment construction
e. Types of compaction equipment

25, The practice of USBR of compacting earth embankments "dry of
optimum" was discussed by Hilf.l6 The basis for this practice was ex-
plained by consideration of shear strength and compaction. When a soil is
compacted 1 to 3 percent dry of optimum water content, "it is possible to

obtain a unit weight of soil that will ensure maintaining the angle of
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friction used in the design and at the same time preclude the development
of a high pore pressure."16 In order to obtain the unit weight of soil re-
quired above, it is the practice of the USBR to place the embankment at a
field compaction effort which is higher than laboratory compaction effort.
Gould (1954)

26. The compressibility of a soil is the one factor included in

almost every method of estimating construction pore pressures. Gould22

investigated the primary and postconstruction consolidation, with emphasis
on the primary consolidation and its causes. The primary consolidation of
a fill is important because of 1ts Iinfluence on pore pressures developed
during construction. To study primary compression, compression curves

of observed strain versus effective stress were derived for 33 impervious
materials from 22 USBR earth dams. In order to obtain the consolidating
stress, the weight of the overburden material was assumed to represent the
total stress at a point, from which the observed pore pressure was sub-
tracted to obtain the effective consolidating stress. Soil type was found
to have a significant influence on primary compressibility, with compres-
sibility increasing from gravels and sands to clays of low to medium
plasticity. Placement water content was noted to have a significant
influence.

Materials placed wetter than about 0.5 percent below
optimum exhibited compression curves convex upward in loga-
rithmic plots with high initial strain and progressively de-
creasing compressibility. Those soils compacted drier than
about 2 percent below optimum have concave curves with low
initial strain and constant or slightly increasing compres-
sibility, so that in some instances compressibility is maxi-
mum at the end of construction.

Two important sources of error in determining field curves are listed by
Gould as "(a) inaccuracies in the estimate of total vertical stresses and
(b) the contribution of shear deformation to observed vertical strain."
Hilf (1956)
27. Hilf25 developed in 1948 a method for estimating construction
pore pressures which included the assumption of a flat air-water interfage.
2

After a thorough study of available literature on surface tension, Hilf

concluded in 1956 that such an assumption was unjustified in most soils
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and that the existence of surface tension caused the pressure in the soil
water to be less than that in the air in the soil. In the development of
the theory, Hilf showed that the radius of curvature of the meniscus was

independent of the air pressure, thereby allowing the pore water pressure

in a soil to be expressed as an algebraic sum of air pressure and capillary

pressure:
u=u +u
a c (7)
where
u = pore water pressure
u, = final air pressure
u, = capillary pressure

Final air pressure is found by use of Boyle's law of compressibility of
ideal gases and Henry's law of solubility of air in water. Capillary pres-
sure, resulting from curvature of the menisci, either is measured in a
laboratory test or is estimated. It is to be noted that the major assump-
tion is that of no drainage, otherwise u, would be indeterminate. Hilf
checked the validity of his theory by actual measurement.of pore water
pressure in a device similar to the ordinary triaxial compression apparatus.
The pore pressure was measured in the sample by a "no flow" device with a
porous probe which was inserted into the sample. Hilf concluded, "The re-
sults of the experiments made in this investigation indicate that the
theory is in reasonable agreement with reality for the soils tested." Hilf
believed that the theory led to a better understanding of the basic mechan-
ical properties of cohesive embankment soils. Practical applications of
Hilf's theory were directed to rapid water control, consolidation upon
saturation, and economical design of high embankments.

Bernell (1957)

28. Weather conditions in Scandinavia require the employment of the

wet-fill technique for earth dams, thereby necessitating thorough knowledge
of the soil properties of the commonly used glacial moraines to ensure

stable embankment sections. Bernell3 presented the results of an extensive
testing program on these glacial moraines and discussed the effects of clay

content and degree of saturation upon the development of pore pressures
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and shear strength. While a considerable difference was found in pore
pressures developed under application of confining pressure for the clayey
and silty moraines at a saturation of 80 percent, this difference is con-
siderably diminished at saturation values commonly used in the wet-fill
method, which range from 90 to 95 percent. Shear strengths were found to
be similar for both soils, as were pore pressures developed during shear.

LeMoigne (1957)

29, LeMoigne2 presented a review of methods of determining pore

pressures during construction, steady seepage, and drawdown. Comparisons
and criticisms made by various authorities were quoted as to the wvalue of
each method. LeMoigne concluded that no method could give an answer any
better than an estimate since all factors of influence were not taken into
account in any of the presented solutions. It was also his opinion that
"the danger of developing excessive pore pressures in a modern rolled fill
dam has been somewhat overemphasized." The last chapters of LeMoigne's
presentation are devoted to a review and critique of methods of pore pres-

sure measurement both in the laboratory and in the field.

‘Bernell (1958)
30. Using the electrical analogy equipment described by Bernell
L 5

and Nilsson 1in 1957, Bernell

pressure-time curves to show the effect of dimensions of the dam core on

subsequently developed a series of pore

the dissipation of initial construction pore pressures. The hypothetical
dam had an impervious core (with various side slopes) of material having

a coefficient of consolidation equal to 0.1 cmg/sec, surrounded by pervious
£111 with side slopes of 1 on 2. The dam was founded on an impermeable
base and had a height of 20 m with a crest width of 4 m. The core was
assigned side slopes of 10 on 1, S on l, 2 on 1, and 1 on 2. Two cases
were considered: (a) dam half completed, i.e. a fill height of 10 m, and
(b) dam completed to a height of 20 m. As can be seen in figs. 6 and 7,
the initial pore pressure was assumed equal to 100 percent since this con-
dition was often encountered in dam construction in Sweden with the wet-
£ill technique. The important effect of core thickness can be seen in
figs. 6 and 7. The time required for pore pressure dissipation for a core

with slopes of 1 on 2 was 100 times that required for a core with slopes
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of 10 on 1. According to Bernell, observations on two dams indicated that
the finer the core material, the longer the period of dissipation.
Scott (1938)

3l. In some instances, test embankments have been observed to assist
37

in the design of an earth dam. Scott” presented a summary of observations

on an experimental clay embankment. The material contained in this embank-
ment was to be used as the impermeable core of a rock-fill dam. One of the
objectives of the investigation was stated as follows:

...0bgservation of changes in shear strength, permeability, and
cracking after placement, resulting from changes in moisture
ccntent and pore pressure. The factors causing such effects
would be:

(a) Drying out or saturation spreading from the bound-
aries of the layer;

(b) Dissipation of excess pore pressures locked up in
the mass during construction;

(c) Consolidation or swelling resulting from changes
in intergranular stress caused by construction,
reservoir_filling, and settlement of the
rockfill, 37

"From the test embankment, Scott found that pore pressure in the actual dam
should be anticipated only in material compacted on the wet side of opti-
mum. It was also to be anticipated that these pore pressures could be in
the form of pockets of localized pore pressure where materials wetter than
optimum were compacted within an area generally drier than optimum. Sig-
nificantly, Scott noted that forecasting the magnitude of pore pressures
in the actual dam by use of the test embankment was not very successful.
Gould (1959)

32. The USBR procedures used to predict construction pore pressures

23

were evaluated by Gould. Case histories of 26 USBR dams were used to
check calculated values of pore pressure with actual values obtained by
piezometric observations. The theory used by Gould to calculate pore pres-
>

in 1948 based on a combination of
3 in 1939. In Hilf's procedure,

sure values is that presented by Hilf2
Hilf's own approach and that used by Brahtzl
the laboratory consolidation test is used to find a relation between T
and u , but as such data were not available to Gould, he used the prop-
erties of the fill obtained from field density tests and internal vertical
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movement observations in the actual dam itself. After analysis of each of
the 26 dams, Gould concluded that the maximum deviations from theory were
caused by the deviation of reality from some of the basic assumptions and
wide variations in average placement characteristics. The assumptions

used in the theory were made unrealistic by (a) boundary drainage, (b)
stress transfer, and (c) surface tension due to particles finer than a

No. 200 sieve. Actual values were lower than the calculated ones because of
drainage of the boundaries, since the simplified theory assumed no drain-
age. Stress transfer caused deviations in both directions of the calcu-
lated results. Since the overburden weight was assumed equal to the verti-
cal stress at a given point, transfer of stress away from the point would
result in an actual pore pressure less than that predicted, and transfer

of stress to that point would result in a greater actual pore pressure. If
the percentage of particles finer than the No. 200 sieve was significant,
values of actual pore pressure would be less than the calculated values,
since these small particles would cause the development of surface tension
which would keep the actual pore pressure from reaching predicted values
based on a thecry in which surface tension was neglected.

33. After a thorough analysis and comparison of data, Gould con-
cluded that "The evidence provided by embankment test apparatus generally
substantiates the Bureau's theoretical analysis of construction pore
pressures."23
Alpan (1961)

34. As consolidation of an embankment occurs, the excess pore pres-

sures are dissipated. Alpanl noted that the amount of dissipation of
excess pore pressure.is often predicted utilizing the relations between
percentage of dissipation and the time factor found by the classical
theory of consolidation, which assumes complete saturation of the soil.
The time factor is expressed as:

C. t

T =
2 (8)

where

T = time factor

21



Cv = coefficient of consolidation
t = time
H = length of longest drainage path

To evaluate CV , the laboratory time-compression curve (fig. 8) is com-
pared with the theoretical function shown in fig. 9. The values of T and
t at 50 percent consolidation obtained from figs. 8 and 9 are introduced
into equation 8 along with the value of H , and Cv is obtained. For
unsaturated soils, the U versus T plot by classical theory is not cor-
rect, and Alpan proposes a correction for this relation. In order to apply
the correction derived by Alpan, the degree of saturation must be known at
any time during the testing of a sample; this is determined by measuring
volumes of air and water expelled from a specimen in a triaxial test. The

correction p is applied directly to the theoretical time factor,

T (modified) = p X T (saturated)
and a modified U versus T curve is drawn and used to calculate a more
correct value of 'Cv . Alpan's theory has particular application in the
case of embankment consolidation during construction since, in embankment

construction, the fill is placed in an unsaturated condition.

Historical Trends

35. From the historical review of various methods for estimating
construction pore pressures, it is apparent that the concepts of the mecha-
nism of pore pressure development during construction have undergone radi-
cal changes with time. Original assumptions have been continuously qual-
ified so as to furnish a better analogy to actual field conditions. The
factors which affect the magnitude of these construction pore pressures
have been critically analyzed for over two decades, and knowledge of these
factors has increased through obgservation of devices installed in many

earth dams throughout the United States and the world.
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PART III: PRESENTATION AND ANALYSIS OF DATA FROM DAMS

Sources of Data

36. The source of the pore pressure data for each CE dam is shown
in table Al, Appendix A. In addition, soils data and stability analyses
for the various dams were obtained from design memoranda. The pore pres-
sure data forwarded to WES for this study varied in extent and quality,
thus more analysis is applied to some CE dams than others, depending on the
amount of information available.

37. To supplement data from CE dams for particular portions of this
study, additional sources of information were consulted. Published USEBR
reports provided the bulk of this additional information; these data pro-
vided a contrast in the effects of procedures, since the USBR dams were
largely compacted on the dry side of optimum water content and the CE dams
were generally compacted on the wet side of optimum water content. Embank-
ment pore pressure observations for foreign dams were found in the techni-
cal Iiterature. -Materials and compaction procedures varied widely for the
foreign dams, reflecting the large numbers of countries and research orga-
nizations represented.

38. Tables 1, 2, and 3 present the descriptive and observational
data for each dam discussed in this report according to constructing agency,
i.e. CE, USBR, and foreign agencies, respectively. Reference numbers for

sources of data are shown in the tables.

Pore Pressure Ratio

- 39. Thé.pore pressure ratio is defined as the pore pressure at a
given point divided by the overburden pressure sbove that point (u/?h).
This ratio is used hereafter in this report because it is dimensionless and
allows pore pressures to be coampared between dams independent of their size.
40. Although the u/?h ratio is sometimes found to be a maximum im-
mediately after placement of material above a piezometer tip, the most

critical value in regard to stability of the structure occurs at or near

24



the completion of the dam when pore pressure is likely to be at its maxi-
mum. Thus, this value of the u/?h ratio is used for comparison with
various factors which influence pore pressures.

41. In attempts todetermine the effect of a specific factor on the
maximum pore pressure at the end of construction, generally the average con-
ditions were used for the entire fill in which the maximum occurred. But,
if an author had noted a particular deviation from the average character-
istics of the fill and expressed it in quantitative terms, an appropriate

correction was applied to obtain a more realistic value.

Piezometric Contours During and at the End
of Construction of CE Dams

42, Cross sections of the CE dams are shown in plates 1-10. Where
sufficient information was provided, contours of piezometric head during
construction and at the end of construction are shown in the sections. In
other cases, only the piezometer readings in feet of water above the tip
are shown.

Table Rock Dam

43, A cross section of Table Rock Dam showing contours of piezo-

metric head at the end of construction is shown in plate 1. The earth em-
bankment of Table Rock Dam was constructed of relatively impervious lean
clays (CL) with the central portion designed as a plastic zone. To achieve
the plastic condition, the materials were to be placed at water contents
between optimum and 2 percentage points wet of optimum as compared to the
requirements that the water contents of the remainder of the impervious
embankment material be between 2 percentage points wet or dry of optimum.
Because of adverse weather conditions during construction and the use of
wetter borrow materials than anticipated, the materials throughout the dam
were placed on the wet side of the specified range. Computations based on
table 1 and plate 1 will demonstrate that piezometric levels were high
enough to produce a pore pressure ratio of 60 percent at the end of con-
struction in much of the lower portion of the embankment. Effective stress
analyses of the stability of the upstream and downstream slopes yielded a

minimum factor of safety of 1.03, emphasizing the significant influence of
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the construction pore pressures on embankment stability. It is also im-
portant to note here that although the maximum pore pressure ratio in the
dam was not exceedingly high (62 percent at piezometer 12), the average
pore pressure ratio was such that the factor of safety of the embankment
was less than that assumed in design. In other words, high uplift pres-
sures were exerted along most of the critical arc, producing a more signif-
icant effect than would a more localized higher pore pressure which might
develop in a dam with a thin core. This factor must be kept in mind when
discussing the danger of construction pore pressures.

Ly, From plate 1 it can be seen that although Table Rock Dam is
practically symmetrical in cross section, piezometer readings in the down-
stream zone indicate that the piezometric contours are sharply terminated
near the drainage blanket since pore pressures were dissipated by drainage
to the blanket in both horizontal and vertical directions. Note, also,
that the rock foundation is apparently quite impervious; otherwise the
piezometric contours would have been approximately oval shaped, reflecting
drainage at that boundary.

Blakely Mountain Dam

L5, ©Ppiezometric contours for various stages of construction of
Blakely Mountain Dam are shown in plate 2. Although the materials for
Blakely Mountain Dam were generally placed at water contents wet of opti-
mum, negligible pore pressures were observed in much of the embankment. In
the design of the dam, pore pressure ratios of 46 percent in the core sec-
tion and zero in the coarse random fill section wefe assumed; as indicated
in table 1, the maximum pore pressure ratio observed was only 18 percent.
This value was obtained from piezometer 14 and probably reflects the influ-
ence of seepage from the low reservoir shown in plate 2. This maximum
value by no meéns is representative of the whole embankment since in the
upper two-thirds of the embankment the pore pressure ratio 1s approximately
zero. From soil characteristics data, dam geometry, and experience, the
design assumption would seem to be a reasonable one, but the fact that the
design assumption was overconservative illustrates the difficulty of esti-
mating embankment pore pressures.

46. The drainage blanket in the downstream portion of the dam
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certainly served to dissipate pore pressures developed in its vieinity,
whether due to construction or seepage. All piezometers slightly above
the blanket indicate no excess pore pressures, and horizontal drainage to
the blanket reduced pore pressures in the core as can be seen by the shape
of the piezometric contours.

Otter Brook Dam

47, The cross section of Otter Brook Dam with selected piezometer

readings at the end of construction is shown in plate 3. Construction pore
pressures in Otter Brook Dam were estimated by a modification of the method
described by Hilf%? in 1948. The method used was as follows: (a) for
given placement conditions, pore pressures were calculated by Hilf's method,
assuming no drainage; (b) from laboratory consolidation tests, a rough
estimate of the rate of drainage was made and the no-drainage pore pres-
sures were then reduced by a factor equal to 1 - U/100 , where U 1is the
percent consolidation; and (c) curves of pore pressure versus total verti-
cal stress were prepared for various points in the embankment and piezo-
metric contours were drawn for the critical embankment section. Using
these values of pore pressure in an effective stress stability analysis,
the minimum computed factor of safety was 0.63, but it was believed that
this analysis was not realistic since an analysis using $-Q soil strengths
without using pore pressures gave a factor of safety of 1.33 for the same
end-of-construction case. It is interesting to note that the actual values
shown in plate 3 for piezometers 2-A and 2-B (134 and 61 ft of water, re-
spectively) were not greatly different from those predicted for these loca-
tions (108 and 83 ft of water, respectively).

Mad River Dam

48. Piezometric contours for two stages of construction of Mad River
Dam are shown in plate 4. In the design of Mad River Dam, no assumptions
were made regarding anticipated construction pore pressures. Stability of
the embankment was analyzed using the shear strength obtained from Q tests,
which includes the assumption that the pore pressures set up in the test at
failure represent those that will occur in the embankment if the full shear
strength is mobilized. The maximum pore pressure ratio at the end of con-

struction (40 percent) was calculated from piezometer 8 which is located
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in the random fill. Actually the maximum pore pressure ratio probably oc-
curred within the impervious section at piezometer 6 since it indicated a
higher pore pressure ratio than piezometer 8 during construction, but
unfortunately piezometer 6 became inoperative as a result of freezing be-
fore completion of the dam. Lower pore pressures were indicated in the
random fill than in the impervious fill, resulting in the parabolic shape
of the piezometric contours. The assymetrical shape of the piezometric
contours was caused by more rapid dissipation of pore pressures at the
boundary of the chimney drain on the downstream side of the core. Although
piezometer 5 is within the impervious core, it shows the lowest excess pore
pressure of the four piezometers at that level due to its proximity to the
chimney drain.

North Hartland Dam

49. The cross sections of North Hartland Dam for the first and final
stages of construction, with corresponding piezometer readings, are shown
in plate 5. 1In the design of North Hartland Dam, no estimations of con-
struction pore pressures were made. As shown in plate 5, several piezom-
eters were installed in the impervious fill of the dam. Although the
maximum pore pressure was recorded at piezometer 9 on the dam axis, the
maximum pore pressure ratio was reached at piezometer 11 (23 percent).
Piezometers 1 and 3 showed substantial reductions in pore pressure from
the first construction season to the end of construction. The magnitude
of these reductions is questionable, since shortly after the end of con-
struction the liquid in the piezometers froze, although some of the other
piezometers provide some evidence of drainage to the internal drains shown
in the sections.

Pomme de Terre Dam

50. The piezometer readings for Pomme de Terre Dam at the end of
construction are shown in the cross section of the dam in plate 6. This
dam has a rather complex zonation. The impervious fill is surrounded by
rock fill on one side and random earth fill on the other, with an internal
chimney drain between the impervious and rock fill. Stability at the end
of construction was analyzed using S shear strengths and an assumed

pore pressure ratio of 33 percent in the impervious fill. The impervious
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fill was compacted on the wet side of optimum intentionally to develop
flexibility in the core. Construction pore pressures in the embankment
were measured only in the impervious fill. Piezometers 1, 2, and 3 in
plate 6 show that pore pressures lessened considerably as the random fill
zone was approached. Actual pore pressure ratios were higher in the im-
pervious fill than assumed (51 percent at piezometer 1 and 59 percent at
piezcmeter 2), but these higher ratios were probably reduced on the other
side of the impervious core by drainage to the chimney drain. The assump-
tion of 33 percent was not unrealistic when the average conditions in the
core were considered.

Hills Creek Dam

51. Cross sections of Hills Creek Dam with piezometer readings from

the core are shown in plate 7. This dam has a gravel-rock shell with a
thin, centrally located impervious core. Relatively high values of pore
pressure were recorded throughout the core despite the favorable drainage
conditions. Average placement water content was 1.6 percent above optimum.
Stability analyses were performed using S shear strengths and values of
pore pressure ratios along the failure arc in the core of 0, 40, 50, 60,
and 100 percent for the end-of-construction case. The stabilizing effects
of the gravel-rock shells were such that even with a pore pressure ratio
in the core of 100 percent, the minimum factor of safety was 1.36. The
actual calculated maximum pore pressure ratio occurred at piezometer 15
(52 percent), which represented little threat to the stability of the
structure because of its localized occurrence.
Dewey Dam

52. Dewey Dam (plate 8) is essentially an unzoned embankment of im-
pervious fill with a relatively small downstream zone of random fill. Ac-
cording to the original design, the dam was intended to be constructed
without internal drainage, but after first-stage construction, it was
found that the fill had been compacted too wet, resulting in such a low
shear strength that a stability analysis of the upstream slope of the pro-
posed section yielded a factor of safety of only 0.47. Further construc-
tion was then suspended. Piezometers installed to observe the excess pore

pressure revealed that almost 100 percent of the overburden weight was
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being carried by the pore water. Remedial measures were taken before con-
struction was resumed. Additional piezometers were installed to check
pore pressures, and 1016 sand drains, 12 to 14 in. in diameter, were placed
in the dam to allow dissipation of excess pore pressures (plate 8). After
a delay of about 1 yr, construction was resumed. Pore pressures showed
some tendency to increase as filling proceeded, but they were rapidly dis-
sipated by drainage. The maximum pore pressure ratio (27 percent) occurred
at piezometer 6 (plate 8), and an effective stress stability analysis indi-
cated a factor of safety of 2.0.

Texarkana Dam

53. Piezometer readings for Texarkana Dam at the end of construction
are shown in plate 9. This dam is symmetrical with a thin impervious core
surrounded by random fill. The random fill was largely a clayey sand'(SC)
which was approximately 100 times as pervious as the fat clay (CH) material
placed in the core. No construction pore pressures were recorded in either
the random fill or the impervious core during or at the end of construction.
Design assumptions of construction pore pressures for the stability analy-
ses were -that the pore pressure ratio would be 40 percent except (a) at
the toe of the failure arc where pore pressure was assumed to be zero, and
(b) within 20 ft of the ground surface where pore pressure was assumed to
be zero.

Ferrell's Bridge Dam

54. As shown in plate 10, Ferrell's Bridge Dam has a sloping up-
stream impervious zone and is 77 ft high along the valley floor. After
the soil characteristics and observations of pore pressure on other proj-
ects were considered, it was decided to use a pore pressure ratio of 12.5
percent in the embankment fill in analyzing the stability of the embank-
ment for the end-of-construction condition. It was also assumed that no
pore pressures would be developed within 20 ft of the surface. Observa-
tions of the piezometers throughout construction indicated that no excess
pore pressures were developed at any time, substantiating the design as-
sumption of low pore pressures. It is likely that localized pockets of
pore pressure developed, since the average placement water content was

above optimum, but they were probably rapidly dissipated and were never
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measured. At any rate, such pore pressures would not seriously affect the

stability of the embankment.

Pore Pressure Versus Overburden Pressure

Background
55. Bishop

during delays resulting from construction stoppage, the rate of increase in

9

has shown that if dissipation of pore pressures occurs

pore pressure with subsequent increases in overburden pressure is lessened.
This was a particularly important consideration in the case of dams re-
cently designed by Bishop and his associates, since extensive internal
drainage was employed to offset the detrimental effects of a high place-
ment water content, and dissipation of pore pressures was to be anticipated.

A hypothetical representation of these conditions is shown in fig. 10.
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Fig. 10. Hypothetical representation of Bishop's hypothesis (Bishopg)

Comparisons with actual data

56. To aid in determining when this pore pressure dissipation might
be expected and to demonstrate its effect on rate of increase in pore pres-

sures with subsequent addition of fill height, data are presented from
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four USBR dams and four CE dams in the form of u versus oy plots for
selected piezometers from these dams (plates 11-18). The value o, is
assumed to be equal to the weight of the overlying fill. The piezometers
selected generally reflected trends from all the piezometric data for a
given dam and were chosen simply because they illustrated the point in
question with more clarity than others. The average B values (é%i) R
piezometer locations, and proximity of drainage surfaces are given 1
in table L.

57. USBR dams. Plots of u versus 0y for selected piezometers
of the four USBR dams are shown in plates 11-15. Each of these dams has
a large impervious central core without any central drains to provide re-
lief of pore pressures. The plot of u versus 9y
of Anderson Ranch Dam (plate 11) shows that pore pressures in this dam in-
3

for the pilezometers
creased during construction stoppages. Gould2 attributes this to a trans-
fer of stress from the central portion of the dam to the outer slopes,
which is likewise indicated by the plots for Granby and Green Mountain Dams.
It is significant that following the period of work stoppage during which
1ittle if . any consolidation occurred, the B values for both Anderson
Ranch and Green Mountain Dams remained approximately at their original

? in fig. 3 (see page 11)

values. Such a situation was depicted by Bishop
for the case of no dissipation of pore pressures during construction.
Available pore pressure versus overburden pressure data for Vallecito Dam
(plate 14) were given for only one construction season. The relation be-
tween u and o would appear to be a constant for Vallecito Dam, again
substantiating the assumption of no drainage for the central portion of
the core of a dam.

58. The plot of cl versus u for piezometer 16 in the Anderson
Ranch Dam (plate 11) indicated dissipation of pore pressures during the
third construction season; it appears that some relief of pore pressure
occurred due either to localized migration to a region of lower pore pres-
sure or drainage to the granular shell. Examination of all additional
availlable u versus oy plots in USBR Technical Manual 65023 for the
piezometers in these four dams suggests that no drainage occurred in these

dams except possibly late in the final construction period.
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59. CE dams. Data on the four CE dams are analyzed in the following
paragraphs. Otter Brook, Mad River, and North Hartland Dams have large
impervious fill sections drained by chimney drains of pervious fill. Cross
sections of these dams are shown in plates 3-5. In contrast to the USBR
dams, these three dams demonstrated the effect of consolidation during
active construction by developing progressively lower B values throughout
construction (plates 15-17). The generally higher initial B values for
the CE dams probably stem from the fact that the CE dams were all compacted
on the wet side of optimum, whereas all the USBR dams except Vallecito Dam
were compacted dry of optimum.

60. The twofold effect of dissipation of pore pressures durihg con-
struction stoppage can be clearly seen in plate 17, the plot of u versus
o for North Hartland Dam. This dam was not constructed in one season,
and during the layoff, pore pressure relief was provided by the internal
drain in the impervious fill. After construction was resumed, B dropped
to a value of only 21 percent of the original B . During the latter part
of the last construction season, B dropped to 3 percent of the first con-
struction season value. Thus, in addition to the relief of pore pressure
during the layoff, the B value was considerably reduced.

61. Values of B for Hills Creek Dam (plate 18) reflect the effects
of both dissipation of pore pressure and variation of rate of construction.
In contrast to the other CE dams, Hills Creek Dam has no internal drain,
but instead has a thin central core bordered on either side by pervious
gravel shells (plate 7). The gravel shells provide for effective pore
pressure relief in the thin core section. Thus, it might be anticipated
that the B value would follow the trend of progressively smaller values
throughout construction. In all the USBR and CE dams previously discussed,
the rates of construction throughout the construction periods were approxi-
mately the same, but this was not the case with Hills Creek Dam. Initial
fill placement above piezometer 1 was at a rate of 1.09 ft of fill per day
and the corresponding B value was 0.72. When fill placement dropped to
0.4 ft per day, B value dropped to 0.12. Following the seasonal cessation
of fill placement with consequent pore pressure dissipation, the B value

dropped to 0.02. The rate of fill placement when resumed was about 0.4 ft
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per day as before the layoff, but as the embankment neared completion, the
rate of placement was suddenly increased to 0.9 ft of fill per day and the
corresponding B value increased to 0.84. This increase in fill place-
ment in topping out an embankment often occurs in earth dam building, since
in the last stages of construction very little material needs to be added

to accomplish a rapid rise of the embankment.

Factors Influencing the Magnitude of the Pore Pressure
Ratio at the End of Construction

62. The difficulty encountered in any method of predicting con-
struction pore pressures is that all of the variables which have an
influence on these pore pressures cannot be incorporated into the method.
There is also the problem of evaluating the appropriate degree or magnitude
of influence of a given factor. The following paragraphs present an eval-
uation of the various factors considered to have an influence on the magni-
tude of construction pore pressures and the maximum pore pressure ratio at
or near the end of construction. DPlate 19 shows the locations of the
points of maximum pore pressure ratio for the CE dams listed in table 1.

It can be seen that the locations of the points of maximum pore pressure
ratio vary as greatly between dams as do the numerical wvalues of the ratios
themselves.

Placement water content

6$3. Sherard et al

39 concluded that "the water content at which the

embankment is constructed has the largest influence on the magnitude

of the pore pressures which develop.” This investigation in general has
borne out this conclusion. Fig. 11 is a plot of placement water content
expressed as a percentage difference from optimum versus maximum pore
pressure ratio at the end of construction. From fig. 11 it can be seen
that for dams with no internal drainage which might tend to influence pore
pressures in the core, any water content dry of optimum by 0.5 percent or
more seems to eliminate any significant development of pore pressures. For
water contents greater than 0.5 percent dry of optimum, pore pressure

9

ratios generally increase rapidly. Bishop” has noted that failure is

likely to occur in a dam where the average pore pressure ratio throughout
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the entire cross section of the embankment exceeds 0.60, except in the
case of low dams.

64. Where internal drainage is provided adjacent to or within the
core, dissipation of pore pressure occurs and subsequent increases in pore .
pressure with increasing fill height are at lesser ratios. The effect of
drainage on the relation of pore pressure ratios and water content can be
seen (fig. 11) in the two trend lines drawn for (a) dems with single drain-
age layers adjacent to or within the core and (b) dams with numerous drain-
age layers adjacent to or within the core. The slopes of the trend lines
are progressively lessened as the drainage provisions become more extensive.
But, significantly, an increase in pore pressure ratios with increasing
water content is definitely indicated despite the drainage provisions.

65. TFig. 12 illustrates the effect of high and low water contents on
the relation between fill height and pore pressure ratio. Pore pressure
ratio increases with fill height, but the rate of this increase is con-
trolled by the water content. In fact, the pore pressure ratio at any
given fill height for dams compacted with an average placement water con-
tent more than 2 percent dry of optimum is only 5 percent of the value for
dams with an average placement water content over 2 percent wet of optimum.
Fill height

66. Fig. 12 demonstrates that for a limited water content variation
the u/?h ratio is influenced by fill height which in turn reflects such
factors as the length of the drainage path and the degree of saturation.
Fig. 13 shows fill height versus u/?h ratio for all dams with an average
placement water content between O to 2 percent dry of optimum. A general
increase in u/yh ratio with fill height can be noted. A similar plot
(fig. 14) for dams with average placement water content between O to 2 per-
cent wet of optimum does not show as definite a relation. By examining the
data in tables 1, 2, and 3 for all dams, two trends can be noted. For all
dams studied regardless of soil type used for core material, if the core
was constructed at about 1 percent or more on the dry side of the optimum
water content, the pore pressure ratio is relatively low (less than 15 per-
cent) regardless of dam height, fill height, or any other variable condi-

tion. However, as placement water content approaches or exceeds optimum
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for the core material, the pore pressure ratio which may exist at end of
construction is variable from low to high values and cannot be predicted
from water content alone.

67. The conclusions readily drawn from figs. 12-14 are these:

a. From fig. 12 it is concluded that, on the average, embank-

T pment materials placed at 2 percent or more above optimum
water content will develop significantly higher pore pres-
sure ratios than those where the material is placed at 2
percent or more below optimum water content. Also, in
general, an increase in fill height tends to increase the
pore pressure ratio, all other variables being equal.

From fig. 13 it is concluded that when the embankment fill
materials are placed on the dry side of optimum water con-
tent, an increase in fill height tends to result in an
increase 1ln pore pressure ratio, but at a slightly decreas-
ing rate as the fill height approaches and exceeds 100 ft.

o

From fig. 14 showing points obtained from fills placed at
water contents above optimum, it 1s concluded that as in
fig. 13 (although with a much wider scattering of values)
pore pressure ratios tend to increase in numerical value
with increases in fill height, but at a slower rate of
increase as fills extend toward 100 ft or more in height
above the piezometer tip. This decreasing rate of pore
pressure ratio increase is probably the result of consolida-.
tion of the soil around the plezometer tip as the fill pres-
sures increase with fill height.

e

Compaction effort

68. The laboratory compaction tests used by the CE and the USBR
differ in procedure, but the same amount of energy (equivalent to standard
Proctor compaction effort) is applied to the soil sample in both cases.

In actual dam construction, the USBR practice is to place the core mate-
rial at a water content below optimum to avoid development of pore pres-
sures, thereby requiring a greater compaction effort in the field to reach
the maximum density. Note in table 2 that despite a variation of the
placement water content down to 79 percent of optimum, the density in USBR
dams never fell below 97 percent of the laboratory maximum density. Thus,
it is important to note that for most USBR dams shown in fig. 11 as com-
pacted on the dry side of optimum, pore pressures were very low. This
indicates that water content has a greater effect on the development of

pore pressures, even when compaction effort is relatively high.
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Soil type

69. TFig. 15 is a plasticity chart showing the relative consistency
of all impervious soils involved in this study. After a cursory examina-
tion of the soil type and corresponding u/7h ratios (see tables 1, 2,
and 3), it is tempting to conclude that the SC soils tend to give high pore
pressures and the ML soils low pore pressures. But in the case of the dams
with SC soils and high pore pressures, the fill height is 100 ft or more,
and in the case of the dams with ML soils the associated placement water
contents are always low, reflecting the previously discussed trends for
water content and fill height; and the guestion remains unanswered as to
how much these soil types affect the u/?h ratios. ©SM, CL, CH, and SM-SC
soil types all seem to give similar values of u/?h ratios, varying with
water content, dam height, etc.

Rate of construction

70. Rate of construction definitely influences the pore pressures
established during construction, but not enough data were available in
this study for a proper analysis. In the case of Hills Creek Dam, the
effect of the rate of construction on the pore pressures developed could
be observed, since the rate varied considerably during construction.
Plate 18, the plots of u versus o, for two selected piezometers, re-
flected the increases and decreases in rate of construction. This was
discussed in paragraph 61.

Drainage conditions

71. Drainage conditions and their influence on the wu/yh ratio have
been extensively discussed in several of the preceding sections, but the
importance of their influence impels their recognition as a separate entity
that affects the magnitude of the u/yh ratio. As has been shown by

Bishop9 29

and Lig any method of predicting construction pore pressure which
ignores the effects of dissipation when such occurs will be conservative.
Certainly, the results from CE dams have substantiated such an observation.
Tt should be noted that even if internal core drains are not provided in

a dam, boundary drainage will occur wherever more pervious material is
adjacent to the core (i.e. granular shells, pervious foundations, ete.).

25

According to Hilf, however, this type of drainage, particularly when the

Lo



I

PLASTICITY INDEX

60

S0

30

20

Z
SENO
A-LINE
J».49 /
| e
A 538
oo
3 /
@y 2 17
; N—-43 7
16
e b7 O ¢ e Sad)
e
20 (0 ol 4]
1‘2 13 Aagngi A -
37775557
LM @& @
pavan
526_%7730 25 2
26—0 95", 02
o 10 20 30 40 50 60 70 80 90 100
LIQUID LIMIT
NOTE: NUMBER ADJACENT SYMBOL |S DAM LEGEND
REFERENCE NUMBER (SEE TABLES 1, -
2. OR 3) 0 CORPS OF ENGINEERS
O BUREAU OF RECLAMATION
A FOREIGN

Fig. 15. Plasticity chart showing relative consistency of impervious soils
of dams used in this study



core is relatively thick, is usually not effective‘as it does not affect
the central portion of the core.
Other factors

72. Piezometer gystem. A thorough discussion of the technical dif-

ferences between the various plezometer systems used in the dams examined
in this study lies outside the scope of this report. Piezometer designs
have been changed and made more efficient since their first use, and this
fact in itself implies that the differences in design would have some ef-
fects on the readings which were used in the analyses. A tabulation of the
dams showing the various types of piezometer systems used is given in
Appendix B. Common sources of error associated with various piezometer
types are discussed in reference 57.

73. Deviation of conditions from the mean. All of the values of

water content, density, etc., reported are the weighted mean values found
by various sampling techniques. Although it is recognized that some random
variation of these quantities is to be expected, in several cases because
of the erratic nature of the borrow materials, heavy rainfall during fill
placement, etc., significant amounts of material were placed which deviated
from the average conditions. These materials yielded pore pressures which
appeared contradictory to the average conditions. Such a case was reported
by Gould23

Dam. Unfortunately, these conditions, if they occurred, were not always

as the cause of the exceptionally high pore pressure at Fresno

reported, thus adding to the scatter of results.

Summary

74. The observations made from the data presented in Part IIT were
not intended to represent a new approach to the problem of predicting con-
struction pore-pressures, but rather were to inform and aid in anticipating
problems which might arise under given conditions. In summary, the follow-
ing statements can be made for conditions within the limits of the data
examined.

Factors which affect the buildup of construction pore pres-
sures are numerous. Placement water content, overburden
weight, length of drainage path, rate of construction in-
cluding construction stoppages, nature of the core material,
and presence of drainage features all exert some effect.

|
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Because of the interdependence of these factors, it is dif-
ficult to isolate the relative influence of any one factor
on the development of construction pore pressures.

Provision for internal drainage or the use of relatively
thin impervious core zones will significantly retard develop-
ment of construction pore pressures.

During construction, pore pressures at a given point within
an embankment will increase as the overlying weight of fill
increases. However, as pore pressures dissipate with time,
the rate of pore pressure increase with increasing over-
burden pressure is lessened.

Increasing the rate of construction results in an increasing
rate of increase of pore pressures with overburden pressure.

For placement water contents on the wet side of optimum
water content, pore pressure ratios rapidly increase with
increasing water content, but the increase is somewhat
moderated by internal drainage.

Pore pressure ratios generally increase with increasing dam
height; the degree of increase depends on variables stated
in paragraph Tha above.

Low dams (less than 100 ft in height) as well as high dams
are subject to development of significant pore pressures
when the placement water content is above optimum.

From the limited data available for various compacted soil
types, it appears that fine-grained SM, CL, CH, and SM-SC
soil types are all likely to produce comparable pore pres-
sures under similar conditions.

As can be seen from the scatter of data in figs. 11-1L,
each dam should be handled as an individual case and ana-
lyzed from an overall standpoint for possible influencing
factors.
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PART IV: CONCLUSIONS AND RECOMMENDATIONS
Conclusions

75. Of all the methods of estimating embankment pore pressures dis-
cussed in Part II, only the Hilf-Brahtz method as described by Gould23 and
Bishop's method7’9 have been substantially documented by field results.
For the no-drainage conditions encountered in the case of a dam with g
relatively thick impervious core and no internal drains, the Hilf-Brahtz
theory has been shown by Gould to serve as a good estimation of embankment
pore pressures. Data necessary for use in the method are easily found,
and the method is convenient to apply. But in the case of a dam with a
core likely to allow dissipation of pore pressures during construction,
i.e. a core with a permeability greater than 10_6 cm per sec,39 or in the
case of a dam in which an internal drainage system is provided sufficiently
close to the core to cause relief of pore pressures, the Bishop method or
a reasonable method accounting for the "twofold" effect of dissipation of
pore pressures (see paragraphs 16 and 21) should be applied. Bishop9 and
Li29 have shown the necessity of considering pore pressure dissipation,
and this has been thoroughly supported by results from CE dams.

76. Placement water content is the most significant factor in the
initial buildup of pore pressures during construction of earth embankments.
Above approximately optimum water content, substantial pore pressures can
be anticipated unless drainage provisions are supplied.

77. Low dams (less than 100 ft in height) can develop significant
pore pressures when compacted at placement water contents on the wet side
of optimum, contrary to some published opinions.

78. The downstream chimney drain provides effective relief of con-
struction pore pressures. As employed by the CE, the chimney drain serves
to dissipate pore pressures in areas adjacent to the drains during con-
struction and thereby reduces the rate of their increase upon additional

£ill placement.
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Recommendations

79. For a more complete understanding of the mechanics of pore pres-

sure development during construction, it is recommended that:

Q.

|o

Piezometers be installed in earth dams where significant
pore pressures are anticipated, and observed during and
after construction.

Piezometric measuring devices for CE dams be standardized.

More extensive research be made into the relation of soil
type, placement conditions, and compaction effort in
development of pore pressures.

Forms to be used by the CE in collecting field data be
standardized.

Basic research be conducted concerning the relation of
pore pressure magnitude during construction and consolida-
tion of partially saturated, compacted soils. This would
include attempts at correlation of predicted pore pressures
and actual values obtained in the prototype structure.
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Table 1

Placement and Pore Pressure Data for Impervious Core Zones, CE Dams

Characteristics of Core Material

Average In-Place Compaction
Data in Vicinity of Max

Pore Pressure Ratio

Libgra- Standard Proctor
Finer P © Za Compaction Data
Dam Height than Plas- o 0o Moy OPELED
Refer- of No, 200 ticity n/se ¥ Water
ence Dam Soil Sieve Index W% °8 73 Content 73
o Dam Location  ft Type 9 % x 10°° 1b/cu ft 1b/cu ft
1 Table Rock Ark, 150 CL 69 18 -- 113.3 14,2 16,0
2 Blakely Mountain Ark, 230  SC-CL 55 10 8 18,0 12,5 113.0
3 Otter Brook N, H, 130 SM-SC Lo 11 10 125,7 11.3 120.0
L Mad River Conn. 178  sSM-SC L2 6 500 128,2 10.0 126.9
5 North Hartland Vt. 175 CL-ML -- " 100 127,5 9.5 132,0
6 Pomme de Terre Mo, 155 CL 63 15 30 108,3 14,5 105.0
7 Hills Creek Oreg. 300 MH 55 22 17 115.0 14,0 115.0
8 Dewey Ky. 118 CL 70 21 - 102,0 21.6 101.0
9 Texarkana Tex. 80 CH 66 40 1 101.0 20.0 99.6
10 Ferrell's Bridge Tex. 77 CH-CL 63 27 570 106,0 19.8 105,0

Ta
in %
Max

Ja

102
96
95

100

10k
97

100

99

Water Height
Content Max of Fill
Wet (+) Pore Above
or Pressure Point Refer-
Dry (-) Ratio at of Max ences
Water of End of Pore (See
Content Optimum Construc- Pressure Bibliog-
tion, % Ratio, ft raphy)
16.2 +2,0 51% 90 61
13.9  +L.h4 18 200 kg, 58
143 +3.0 65 9k 30, 52
11.0  +1.0 Llyxx Lo 55
9.6  +0.1 19t €0 53, Sh
18.0 +3.5 59 61 51
15.6 +1.6 52 106 56
24,2 +2.6 27 85 50
20,0 0.0 o} - 59
20.1 +0.3 0 - 60

Note:

* Maximum pore pressure ratio assumed in dam core is extrapolated from pore pJ‘Fessure reading at piezometer 15.

piezometer 12, which 1s not located in the core.

*¥  Maximum pore pressure ratio assumed in dam core is extrapolated from pore Pressure reading at piezometer 8, which is near, but not in the core.

ratio at piezometer 8 was LO%.
T Maximum pore pressure ratio measured in core at piezometer 7.
in the center of the dam.

In addition to references shown and given in Bibliography, data were obta.in{ad through correspondence with CE Division Offices.

Meximm pore pressure ratio measured was 62% at

Maximum

Maximum pore pressure ratio in dam was 23%, measured at piezometer 11 which is not located



Table 2

Placement and Pore Pressure Data foﬁ‘ Impervious Core Zones, USBR Dams

Average In-Place Compaction
Date in Vicinity of Max

Pore Pressure Ratio

Characteristics of Core Mizix(‘)ia;l } Cgizz;t Max I:;l%?;l
g USBR Laboratory Wet (+) Pore Above
Finer PZS_;Za_ _bogpaction Data b4 a or Pressure Point
RDa.m Hejight T‘chan Plas- bility Max Optimum in % Dry (-) Ratio at of Max
efer- of . No. 200 ticity em/sec y Water y * Mex Water of End of Pore

ence . Dam Soil Sieve Index -8 d Content d ¥ Conteat Optimum Cor.lstruc- Pre;sure

No Dam Location £t Type X 10 1b/cu ft % lbfeu £t ‘4 % % tion, % Ratio, ft
11 Anderson Ranch Idsho 360 sC 33 14 36.0 119.9 13.0 21,2 101 12.5 -0.5 71 173
12 Green Mountain  Colo. 310 sC 20 8 19.0 132.2 8.9 132.2 100 8.4 -0.5 59 94
13 Granby Colo. 297 sC 27 8 38.0 127,0 10.0 126.8 100 9.6 -0.4 66 148
1L Davis Ariz, 193 CL 60 13 0.3 113.6 15.2 112,2 99 15.5 +0.3 L1 140
15 0'Sullivan Wash, 210 sM 37 NP 22.0 108.9 17.4 107.9 99 15,7 -1.7 1L 25
16 Spring Canyon Colo, 217 CL 70 14 12,0 112.3 1,2 111.6 99 1.7 -2.5 1L 142
17 Boysen Wyo. 200 GM-SM 20 5 220.0 123.7 1L.b 125.4 101 10.8 -0.6 35 60
18 Jackson Gulch Colo. 167 CL 75 21 11.0 100. 4 21,4 100.7 100 18.9 -2.5 5 115
19 Cedar Bluff Kan, 130 CL 54 -- 8.0 113.5 13.9 12,7 98 12,9 -1.0 33
20 Deer Creek Utah 156 CL 52 9 2.0 111.1 15.5 110.6 99 15,1 -0. k4 17 22
21 Alcova Wyo. 150 CL - - - -- - - - - 0.0 35 53
22 North Coulee Wash. 146 ML 87 2 2.0 103.0 18.2 101.8 99 15.7 -2.5 " 35
23 Vallecito Colo. 127 SC-CL L9 7.0 123.2 11,5 123.2 100 12,2 +0.7 71 Sk
2l Shade Hill S. Dak. 127 sC 25 10 37.0 123.3 12,k 122,4 99 11,4 -1.0 5 25
25 Bonny Colo. 124 ML 88 2 35.0 105.9 16.2 106.9 101 15,4 -0.8 6 25
26 Grassy Lake Wyo. 110 SM 31 2 23.0 116.7 11,4 116.3 100 10.8 -0.6 37 50
27 Medicine Creek  Nebr, 106 ML 93 1 20.0 107.7 17.3 105.0 97 16.3 -1.0 L3
28 Heart Butte N, Dak. 108 CL 61 9 22,0 117.1 14,8 115.3 98 13.6 -L.2 3 75
29 Long Lake Wash. 9k ML 56 2 81.0 105.2 18.7 104,3 99 16.2 -2.5 2 92
30 Enders Nebr, 93 ML 53 1 31.0 111.5 14,5 111.6 100 13.2 -1.3 10 25
31 Caballo N, Mex. 93 SM-GM 22 -- 52.0 118.4 12.8 117.9 99 11.6 -1.2 21 30
32 Island Park Idaho 80 SM 35 -- 4.0 117.2 11.5 117.5 100 11.6 +0,1 22 75
33 Fresno Mont. 73 CL-ML 54 5 12.0 119.3 2.4 119.0 100 12,7 +0.3 77 26
34 Horsetooth Colo. 115 CL 58 12 10.0 1149 13.9 112.5 98 11.6 -2.3 2 60

Note: Information based on items 20 and 23 in Bibliography.

* Material passing No. 4 sieve only.



Table 3

Placement and Pore Pressure Data for,Impervious Core Zones, Foreign Dams

Dam Height
Refer- of
ence Dam
No. Dam Location ft
35 Castiletto Switzer- 230
land
36 Rosshaupton  Germany 135
37 Usk Wales 109
38 Sasumua Kenya 110
39 Knockendon Scotland 90
Lo Foxcote England 50
41 Quebradona S. America 100
L2 Cobb N, Zealand 115
43 Selset England 128

Characteristics of Core Material

Soil
Type

sC
sC

CL

CL

CH

SM

CL

Average In-Place Compaction
Data in Viecinity of Max
Pore Pressure Ratio .

Labora- goiondard Proctor
s tory ;
Finer P Compaction Data
ermea- -
than Plas- PR Optimum
o s bility Max
No. 200 ticity cm/se Water
Sieve Index 88 7 Content 7a
9, 9% x 107° 1b/cu ft A 1b/cu ft
- - 4 127.5 9.5 125.0
50 - 1 - -- 128.0
-- 8 20 128.5 9.8 122.0
25 28 30 70.0 50.0 69.0
20 21 - -- -— 104.0
_— 46 -- 95.0 27.0 9k.0
25 10 970 -- - 96.2
12 -- 25 1240 11.0 124.0
- 19 1 11,0 10.8 109.0

e
in %

Max

Ja

98

100

98

Water
Content Max
Wet (+) Pore
or Pressure Refer-
Dry (-) Ratio at ences
Water of End of (See
Content Optimum Construc-  Bibliog-
% % tion, % raphy)
8.0 -1.5 58 36
7.0 -- 65 L7, 18
12,0 +2,2 37 8; 9, 31, 38
L8.4 -1.6 5 17, 18, L3, 46
20,0 - 53 2
28.0 +1.0 25 31
25.4 - 18 29
1.5 +0,5 Lo 14, 15, 27
16.0 +5.2 50 10



Table L

Selected Piezometer Data for Selected Dems

Final
Fill Feet of Fill
Eleva- Eleva- Horizontal Placed above
tion tion Distance to Piezometer
Dam Piezom-  above Nearest Natuke During _
Refer~ Piezom~ Piezom- eter Piezom- Drainage of Construction Time of Fill above B Values During Construction
ence eter eter Tip, ft eter Surface Drainage Season Piezometer, Months Season above Piezometer
No. Dam Agency No. Locktion MSL ft, MSL ft Surface 1lst 2d 3d _lst 2d 3d 1st 24 3d
11 Anderson USER 9 180 £t US 3855 41k8 200 Granular 40 95 113 6 5 6-1/2 0.7h -~ -- 0.60 - 0.73
Ranch of axis shell
16 30 f£ US 3941 4198 130 Granular 95 113 28 5 6-1/2 2-3/4 0.38 -- -- 0.76 -- 0.22
of axis shell
12 Green USER i3 150 £t US  T760 T912 230 Granilar 68 84 - 3-3/4  L4-1/h -— 0.k8 -~ -- 0.45 - --
Mountain of axis shell
13 Gramby USER 5T 240 £t US 8060 8208 100 Gramilar 148 -- -- 5 -- -~  0.68 -- .- -- -- --
of exis shell
60 30 ft US 8060 8250 200 Granlear 90 -- -- 6 - -- 0.k0  -- -- - -- --
of axis - shell
23 Vallecito USER 23 Axis 7610 7673 95 Granular 46  -- 6-1/2 -- - -- -- 0.67 - --
shéll
3 Otter CE 1-A E TO4 801 T0 Pervious 97 - - 3 - - 0.35 0.12 - - - -
Brook drain
3-4 ¢ 708 8o1 70 Pervious 93 -- -- 3 -- -  0.66 0.10 -- - -- --
drain
4 Mad River CE 2 g 880 996 70 Pervious 116 ~-= .- 3-3/% - --  0.81 0.2k 0.08 -- - .-
drdin :
5  North CE 9 £ 475 572 30 Pervious 62 35 -- 3-1/2 5 -~ 0.58 -- -- 0.12 0.02 .-
Hartland drein
T Hills CE 1 10 £t US 1250 1522 35 Gravel 172 100 -- 6-1/2 5-1/2 - 0.72 0.12 - 0.02 0.84 --
Creek of ¢ shell
13 10 ££ DS 1370 1522 15 Gravel 52 100 -- 1-1/4 5-1/2 -- 0.50 -- -- 0.19 0.85 --
of g shell

Note: US and DS denote upstream and downstream, respectively.



| 31vd

DISTANCE FROM CENTER LINE OF DAM, FT

500 400 300 200 100 o 100 200 300
T T | ] 1 I | | B
1000 — . . — 1000
UPSTREAM [ DOWNSTREAM
950 -4 950
J 4
[44] (2]
= s
- [
it 900 | —s00 L
z z
o o
[ -
< 850 | —1850 «
> >
m i
4 3
[}3) ut
800 |- —] 800
TOP OF ROCK BL ANKET \ J
750 L 750
NOTE: CORE MATERIAL = SANDY CLAY (CL}, CLAY (CL), CLAY (CH) LEGEND
IMPERVIOUS FILL = SANDY CLAY {(CL), CLAY {CL) .
E c cLl. ¢ © @ 140 PIEZOMETER LOCATION; CIRCLED NUMBER
DASHED CONTOUR LINES ARE INFERRED ONLY IS PIEZOMETER NUMBER, ADJACENT
P
* MAXIMUM PORE PRESSURE RATIO IN DAM CORE (ASSUMED FROM CONTOURS) gngBAETRES IEZOMETER READING IN FEET
g =(100 x 62.4) PSF
y =136 PCF, h=90FT
—‘-l—: 51%
yh
** MAXIMUM PORE PRESSURE RATIO (AT PIEZOMETER NO. 12) PIEZOMETRIC CONTOURS
g =(129 x 62.4) PSF
y =136PCF, h=96FT AT END OF CONSTRUCTION
7‘% = 62% TABLE ROCK DAM
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ELEVATION, FT MSL

*

650

600

550

500

450

400

350

650

600

550

500

450

400

350

700

600 400

DISTANCE FROM CENTEJR LINE OF DAM, FT

=

| I |

UPSTREAM

— 650

~4 550

= CLLAY SAND AND SILT

= SANDY SILT AND SILTY SAND

= SAND AND GRAVEL
= GRAVEL

MAXIMUM PORE PRESSURE RATIO
AT PIEZOMETER 14.

4 = (74 x 62.8) PSF
Y =129 PCF

h =200 FT

“

-— = 18%

Yh

KDRAlNAGE BLANKET
PIEZOMETRIC CONTOURS AFTER ﬁND YEAR OF CONSTRUCTION

c —1 650

4 350

-1550

PIEZOMETRIC CONTOURS AT END OF CONSTRUCTION

LEGEND

@9° PIEZOMETER LOCATION; CIRCLED
NUMBER IS PIEZOMETER NUMBER,
READING IN FEET OF WATER: PIEZOMETRIC CONTOURS AT
DIFFERENT STAGES

BLAKELY MOUNTAIN DAM

ELEVATION, FT MSL
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ELEVATION, FT MSL

DISTANCE FROM CENTER LINE OF DAM, FT

300 200 100 o 100 200 ~300 400
| T T T l I ! |
900 — — 900
UPSTREAM DOWNSTREAM
850 |— —] 850
€
800 | ——EL 802 —{ 800
ROCK FiLL AND . «a ROCK FILL AND
GRAVEL BEDDING GRAVEL BEDDING
750 |- a0 \\ -7
ot \\ )
* PERVIOUS ~I
51 134 \< DRAINAGE BLANKET
700 |- b \ \ —1 700
\ -————-———-—A
PRZNZS -/ PNANANZ ‘L RRRA
650 }— — 650
600 L —l 600
LEGEND

* MAXIMUM PORE PRESSURE RATIO AT PIEZOMETER 2-A.

In
Y
h

Yh

= (134 x 62.4) PSF
= 137 PCF
=94 FT

= 65%

@ 134 pjEZOMETER LOCATION; INSIDE NUMBER
1S PIEZOMETER NUMBER, ADJACENT
NUMBER IS PIEZOMETER READING IN
FEET OF WATER.

PIEZOMETRIC LEVELS AT END
OF CONSTRUCTION
OTTER BROOK DAM

ELEVATION, FT MSL
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DISTANCE FROM CENTEh LINE OF DAM, FT

400 300 200 100 0o 100 200 300 400
| | | ] | ]
1000 y— — 1000

UPSTREAM
950 [— ROCK FiLL AND —] 950
GRAVEL BEDDING
900 |— —] 900
850 |— —1 850

-l

b4

- goo L NOTE: PIEZOMETERS 5 AND6 J 800

w FROZEN AT THE END 5 E70METRIC CONTOURS DURING EMBANKMENT CONSTRUCTION

z OF CONSTRUCTION.

o

k (® = GRAVELLY SILTY SAND : ¢ LEGEND

S 1000 - (GLACIAL TILL) @6! PIEZOMETER LOCATION; INSIDE ] 1090

5 = GRAVELLY SILTY SAND NUMBER IS PIEZOMETER NUMBER,

u (MODIFIED GLACIAL TILL) ADJACENT NUMBER IS PIEZOM-

ETER READING IN FEET OF
950 |— -1 950
/
900 }— / —{ 900
RANDOM FILL /@“ 60
52
©/ 70 ——— e
_ —{ 850
850 / /\mpERVious
CORE
800 L— PIEZOMETRIC CONTOURS AT END OF CONSTRUCTION —7 800

* MAXIMUM PORE PRESSURE RATIO IN DAM CORE (ASSUMED).
#=(40 x 62.4) PSF, ¥ =141 PCF, h =40 FT, u/7h = aa%
PORE PRESSURE RATIO AT PIEZOMETER 8.

L =(41 x62.4) PSF, ¥ =141 PCF, h =45 FT, 4/7h = 40%

dok

PIEZOMETRIC CONTOURS AT
DIFFERENT STAGES
MAD RIVER DAM

ELEVATION, FT MSL
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DISTANCE FROM CENTER LINE OF DAM, FT

400 300 200 100 o 100 200 300 400
b T T 1 T T 1 T A
600 — — 600
UPSTREAM ® EL 572 DOWNSTREAM
~ —"—\
IMPERVIOUS FILL = GRAVELLY SILTY SAND _ .~ .
S50 |- ~ \\\ — 550
o2 | <
| oS
500 {— S\_EL ass - s00
7 7 '
yd @8.0// 22.0 _——
(OREE ROCK FiLL
IMPERVIOUS / | PERVIOUS FiLL B
450 - FiLL / = —1 450
QG 8.5 3)21.0 IMPERVIOUS ® 195
7 / ‘ FiLL ‘ 7
s 400 |- A _________________// —400 s
- -
w ‘\PERVIOUS FiLL kROCK TOE w
Z 350 L PIEZOMETRIC LEVELS AFTER 1ST CONSTRUCTION SEASON 350 Z
o = m ©
O 600 ¢ so0 2
™
< —E&L 972 <
> NOTE: PIEZOMETERS ! AND 3 FROZEN >
W ss0 |- SHORTLY AFTER DAM RS —{ss0 U
w COMPLETED. // /? o
X
yd //-/PEF"_V'&JS FiL L~/
500 [— J — N —~s00
480 * / IMPERVIOUS FILL
EL 26.0 = 27.0 ROCK FILL
® Q 19.0
IMPERVIOUS // *¥
450 FiLL ERVIOUS FIL —{ 450
@1.5
400 |- — 400
X —_PERVIOUS FILL \rock ToE
3so L PIEZOMETRIC LEVELS AT END OF CONSTRUCTION J3s0
* MAXIMUM PORE PRESSURE RATIO AT PIEZOMETER 7. LEGEND
= (26 x 62.4) PSF, y = 144 PCF, h=60 FT, £ = 194
# Y vh (®3 PIEZOMETER LOCATION; INSIDE PIEZOMETRIC LEVELS
** MAXIMUM PORE PRESSURE RATIO AT PIEZOMETER 11. NUMBER IS PIEZOMETER NUMBER, AT DIFFERENT STAGES
_ ~ _ " ADJACENT NUMBER IS PIEZOMETER
=19 x 62.4) PSF, y = 144 PCF, h =36 FT, SR 2 READING IN FEET OF WATER. NORTH HARTLAND DAM
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ELEVATION, FT MSL

DISTANCE FROM CJENTER LINE OF DAM, FT

600 500 400 300 200 100 o 100 200 300 400
| | | | | | | | | [ {
9%0 —  ypsSTREAM . € DOWNSTREAM 3%
10N 2.5 2 EL 906
900 }— 0“/ —js00
w
s
-
850 |— ~—8s0 &
z
°
800 — / BERM FILL —J8o0 +
FILL <
= PERVIOUS Eibly _, @ \\s FILTERS 3
A — —— 4
750 [~ —= R == | RS FNZNZ N N
700 L- —4 700
LEGEND

* MAXIMUM PORE PRESSURE RATIO AT PIEZOMETER 2.
K = (71 x 62.8) PSF

Y =124 PCF
h =61FT
vh

® = GRAVELLY CLAY
= SANDY GRAVEL
© = SANDY GRAVEL

(®'' PIEZOMETER LOCATION; INSIDE NUMBER
IS PIEZOMETER NUMBER, ADJACENT
NUMBER IS PIEZOMETER READING IN
FEET OF WATER.

PIEZOMETRIC LEVEL.S AT END
OF CONSTRUCTION
POMME DE TERRE DAM
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x

DISTANCE FROM CENTER LINE OF DAM, FT

800 600 400 200 ) 200 400 600 800
T T T —T T T T 1
1600 — T 1600
LUPSTREAM ]_‘_ __EL 1848 DOWNSTREAM_
1500 }- EL 1500 0\ \\ o - 1500
/ \’V
7—‘-’// l \
ot 2z J . _ EL 1422
—{ 1400
1400 |- \37 GRAVEL
BL 1375 ______._______/50@ IMPERVIOUS CORE
/ (GRAVELLY CLAY)
) 116 117 — 1300
— L
r 1300 RANDOM ROCK ZONE / 212 o, 0? GRAVEL E;'
0
s | 201178 s
v BRI INZSZIIAN ] &L J N
L 1200 ; 1200 L
z PIEZOMETRIC LEVELS AFTER 15T CONSTRUCTION SEASON g
o Q
Z [
e 1600 — ~ 1600 <
N >
& w
4 _n
z w
1500 $— — 1500
1400 — 1400
IMPERVIOUS CORE
{(GRAVELLY CLAY)
1300 |- —1 1300
GRAVEL
PNZNZS
N
1200 L 1200
PIEZOMETRIC LEVELS AT END OF CONSTRUCTION
MAXIMUM PORE PRESSURE RATIO AT LEGEND
PIEZOMETER 15, -
30 PIEZOMETER LOCATION; INSIDE
g =(117 x 62.4) PSF NUMBER IS PIEZOMETER LOCATION,
y =133 PCF ADJACENT NUMBER IS PIEZOMETER
h =106 FT READING IN FEET OF WATER. PIEZOMETRIC LEVELS
#: 527 AT DIFFERENT STAGES

HILLS CREEK DAM
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ELEVATION, FT MSL

DISTANCE FROM CENTER LINE OF DAM, FT

200 150 100 50 o, 50 100 150 200
I I ] ] t i T ] -
750 — 750
UPSTREAM AXIS DOWNSTREAM
w %
DUMPED STONE
700 }— —j700
IMPERVIOUS
Lo !

e

650 |- —eso
LEVEL OF 1ST STAGE CONSTRUCTION N
z@as N .
28 N
®* N
‘ ' >
so0 - 600
SAND DRAINS PENETRATED INTO FOUNDATION SANDS AT VARYING DEPTHS
LEGEND
NOTE: SPACING OF SAND DRAINS AFTER IST STAGE CONSTRUCTION: (8% PIEZOMETER LOCATION; INSIDE NUMBER
IS PIEZOMETER NUMBER, ADJACENT
(1) PERPENDICULAR TO AXiS, DRAINS ON 8- TO 12.FT C-C SPACING NUMBER IS PIEZOMETER READING IN
{2) PARALLEL TO AXIS, DRAINS ON 8- TO 12-FT C-C SPACING FEET OF WATER.

* MAXIMUM PORE PRESSURE RATIO AT PIEZOMETER 6.

e F PIEZOMETRIC LEVELS AT END
h =8SFT OF CONSTRUCTION

m
ET DEWEY DAM

Yh

ELEVATION, FT MSL
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ELEVATION, FT MSL

DISTANCE FROM CENTER LINE OF DAM, FT

200 150 100 50 0 50 100 150 200
| 1 1 1 I | | | |
300 — 300
UPSTREAM ¢ DOWNSTREAM T
250 |— / \ — 250
)0 0
EL 235 &/ @ \0
=" /IMPERVIOUS
10 RANDOM FILL @com—: \ RANDOM FILL
0 0 0 0
SAND BLANKET
O] ©°\ @ L —saosianker
NATURAL BLANKET
200 - ‘ — 200
NOTE: NO MAXIMUM PORE PRESSURE RATIO (ALL ARE ZERO). LEGEND

@O PIEZOMETER LOCATION; INSIDE NUMBER
1S PIEZOMETER NUMBER, ADJACENT
NUMBER IS PIEZOMETER READING IN
FEET OF WATER-

PIEZOMETRIC LEVELS AT END
OF CONSTRUCTION
TEXARKANA DAM

ELEVATION, FT MSL
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ELEVATION, FT MSL

DISTANCE FROM CENTER LINE OF DAM, FT

200 150 100 50 o 50 100 150 200
| | 1 | I | | | L
300 - 300
UPSTREAM Q DOWNSTREAM —1
N w EL 277
“2‘5 —_
V
ol /
250 I —{ 250
|
RANDOM FILL
— SANDY | CLAY (CL), SILTY SAND (SM), AND
IMPERVIOUS FILL SANDY SILTS (SM)
SILTY CLAY AND LEAN CLAY (CL), 0 0
200 FAT CLAY (CH) ) @ @o -—— _ —_—— —— — 200
PERVIOUS BLANKET/ ,
-~ 150

150 +

NOTE: NO MAXIMUM PORE PRESSURE RATIO (ALL ARE ZERO).

LEGEND

0 PIEZOMETER LOCATION; INSIDE NUMBER

FEET OF WATER.

IS PIEZOMETER NUMBER, ADJACENT
NUMBER IS PIEZOMETER READING IN

PIEZOMETRIC LEVELS AT END
OF CONSTRUCTION
FERRELL’S BRIDGE DAM

ELEVATION, FT MSL




ELEVATION, FT MSL

DISTANCE FROM DAM AXIS, FT

600 500 400 300 200 100 o 100 200 300 400
AXIS
4250 —
UPSTREAM DOWNSTREAM
4200 —
4150 [~
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WES MULTIPLE LETTER



WESSE 28 Jun 1963

SUBJECT: Embankment Pore Pressure Data, CWI 531

TO: Division Engineer, USAE Division, Missouri River, Omaha, Nebr.
Division Engineer, USAE Division, New England, Waltham, Mass.
Division Engineer, USAE Division, North Central, Chicago, Ill.
Division Engineer, USAE Division, North Pacific, Portland, Ore.
Division Engineer, USAE Division, Ohio River, Cincinnati, Ohio
Division Engineer, USAE Division, South Atlantic, Atlanta, Ga.
Division Engineer, USAE Division, South Pacific, San Francisco,
Calif.
Division Engineer, USAE Division, Southwestern, Dallas, Tex.
ATIN: Chief, Engineering Division

1. Reference is made to our multiple letter dated 1L January 1963,
subject "Foundation Pore Pressures Beneath Embankments, CWI 531." At the
request of the Office, Chief of Engineers, the scope of this project has
been enlarged to include the study of pore pressure data from measuring
devices located within earth embankments. Therefore, it is requested that
you furnish available observational data of this nature for earth dams in
your division which have not previously been furnished this office.

2. The following information is specifically desired:

a. Cross sections of the embankment indicating zonations and
showing the locations of the piezometer installations.

b. Description of foundation soils and stratification.

c. Description of the embankment soils in the various zones as
placed, including data on placement water contents, densities, and compac-
tion; shear strength and consolidation tests; and placement procedures,
including water content control.

d. Details of the installations, including types of devices used

open- or closed-system piezometers, hydrostatic pressure cellg types of
P . - s LWYyD
piezometer tips, filters, tip elevations, and installation procedures.

e. Time plots of fill height and pore pressures at the piezometer
locations and concurrent plots of reservoir levels.

f. Stability analyses based on the results of the pore pressure
measurements.



WESSE
SUBJECT: Embankment Pore Pressure Data, CWI 531

3. We would appreciate your furnishing this information by 3 September
1963 or earlier, if possible.

FOR THE DIRECTOR:

A, A, MAXWELL
Engineer
Acting Chief, Soils Division

Copies furnished:

Mr. R. I. Kaufman, IMVD
OCE (ENGCW-ES)

A2



Table Al

Embankment Pore Pressure Study

Division Offices Response to WES Letter of 28 June 1963

Type Included Dam
Piezometer In Reference
Division Dam System Remarks Study No.*
Missouri River Porme de Terre Open 8 piezometers installed in embankment. Yes 6
Garrison Closed 38 piegometers installed. No embankment pore pressure No
data provided.
Fort Peck Open Piezometers installed after completion. Not applicable. No
Oahe -- No piegometers installed in the embankment. No
New England Otter Brook Open and closed 6 piezpmeters installed in embankment. Yes 3
North Hartlend Closed 12 piezometers installed in embankment. Yes 5
Mad River Closed 9 piezpmeters installed in embankment. Yes L
Ball Mountain Open Low readings recorded. Abandoned after 2d construction No
seaspn.
Thomaston Closed Low reedings recorded. No data forwarded on dem. No
North Central Coralville Closed Built in 2 stages with 6 years between lst and 24 No
stage. No measurable pore pressures.
Onsagonde Open Foundation piezometers only. No
North Pacific Hills Creek Closed 11 piezometeré installed in embankment Yes T
Ohio River Dewey Open 12 piezometers installed in embankment Yes 8
South Atlantic Buford Open 8 piezometers installed in embenkment. Readings pro- No
vided for only postconstruction condition.
Hartwell Open Readings provided for only postconstruction condition. No
W. F. George Open Readings provided for only postconstruction condition. No
South Pacific Fullerton Closed Los Angeles District recommended against inclusion in No
study due to inconsistencies in data.
Sepulveda Closed Los Angeles District recommended against inclusion in No
study due to inconsistencies in data.
Lower Mississippi Valley Texarkana Closed T piezometers installed in embankment. Yes 9
Blakely Mountain Closed 33 piezometers installed in embankment. Yes 2
Table Rock Closed and open 12 closed-system piezometers and 2 open-system piezom~ Yes 1
eters in embankment.
Ferrell's Bridge Open Yes 10

9 plezometers installed in embankment.

Note: There was no response by Southwestern Division to the WES letter; and through oversight, WES failed to follow up.
* See table 1 of main report. ‘



APPENDIX B

PIEZOMETER SYSTEMS OF EARTH DAMS USED IN THIS STUDY



Table Bl

Piezometer Systems of Dams Used in Study

Dam Type Piezometer
Reference Piezometer Tip
No.* Dam Location _System Type¥*
1 Table Rock Ark. Closed and open Ta and Ib
2 Blakely Mountain Ark. Closed and open Ia and Ib
3 Otter Brook N. H. Closed J
L Mad River Conn. Closed J
5 North Hartland Vt. Closed J
6 Pomme de Terre Mo. Open L
7 Hills Creek Oreg. Open K
8 Dewey Ky. Open E
9 Texarkana Tex. Closed M
10 Ferrell's Bridge Tex. Open N
11 Anderson Ranch TIdaho Closed A and C
12 Green Mountain Colo. Closed C
13 Granby Colo. Closed c
14 Davis Ariz. Closed c
15 0'SBullivan Wash. Closed C
16 Spring Canyon Colo. Closed C
17 Boysen Wyo. Closed C
18 Jackson Gulch Colo., Closed C
19 Cedar Bluff Kans. Closed C
20 Deer Creek Utah Closed B
21 Alcova Wyo. Closed --
22 North Coulee Wagh. Closed C
23 Vallecito Colo, Closed B
2k Shade Hill S. Dek. Closed C
25 Bonny Colo. Closed C
26 Grassy Lake Wyo. Closed --
27 Medicine Creek Nebr. Closed o
28 Heart Butte N. Dak. Closed C
29 Long Lake Wash. Closed C
30 Enders Nebr. Closed C
31 Caballo N. Mex. Closed --
32 Island Park Idaho Closed -
33 Fresno Mont. Closed B
3k Horsetooth Colo. Closed o
35 Castiletto Switzerland -- -
36 Rosshaupton Germany Electrical -
transmitters
37 Usk Wales Closed D
38 Sasumua Kenya Closed D
39 Knockendon Scotland Open --
Lo Foxcote England Closed D
b1 Quebradona S. America Closed F
It Cobb N. Zealand Closed G
L3 Selset England Closed D and H

%  Numbers correspond to those in tables 1-3 in main text.
*¥% Piezometer tip types are illustrated in figs. Bl-B7.
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