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Session 8/10

The Compressibility of Rolled Fill Materials Determined 

from Field Observations

Compressibilité des matériaux roulés de remblais déterminée par des observations sur le terrain

by J. P. G o u l d ,  Engineer, Design and Construction Division, Bureau of Reclamation, Denver, Colorado, U.S.A.

Summary

Recognizing the importance of the compression characteristics of 

the fill material to the stability o f earth dams, the Bureau of Recla

mation has undertaken an extensive program for the measurement 

of embankment consolidation. Compression curves for a variety of 

impervious materials are derived by correlating these observations 

with pore pressure measurements and records of embankment con

struction. The influence of placement characteristics and soil pro

perties on the compressibility is investigated. Strain under low stress 

appears related to the deviation of placement moisture from optimum 

water content. The magnitude of compression reached at high stress 

is influenced primarily by the plasticity of the fines. Long-term 

observations provide information on post-construction consolidation 

and the response of the fill to reservoir operations. In Bureau struc

tures, the great majority of impervious soils have made only minor 

contributions to surface settlement after construction and are rela

tively insensitive to the effects of saturation by seepage.

Sommaire

Conscient de l’importance des caractéristiques de compression des 

matériaux de remblais pour la stabilité des barrages en terre, le 

Bureau de Réclamation a entrepris un programme intensif pour 

mesurer la consolidation des remblais. Des courbes de compression 

pour matériaux imperméables ont été établies en tenant compte des 

mesures de la pression interstitielle et du procédé de construction 

des remblais. On a examiné avec soin l’influence des caractéristiques 

de construction et des propriétés du sol sur la compressibilité. La 

déformation due à une faible charge semble être en rapport avec 

la teneur en eau, au-dessus ou au-dessous des conditions optima. 

La valeur de compression atteinte sous une forte charge est due sur

tout à la plasticité des grains fins. Des observations prolongées four

nissent des informations sur la consolidation après la construction, 

et les réactions du remblai au remplissage et vidage du réservoir. 

Dans les constructions du Bureau la majorité des sols imperméables 

a contributé seulement dans une petite mesure au tassement du talus 

après la construction, et est insensible aux effets de la saturation due 

aux cheminements des eaux.

Introduction

The compression characteristics of the fill material have an 

important influence on the stability and performance of an 

earth dam. Uplift stresses which develop in an embankment 

as it consolidates under its own weight during construction 

depend in part on the compressibility of the fill. Post-construc- 

tion settlement of the embankment may produce cracking or 

dangerous loss of freeboard. The magnitude of pore pressures 

residual in a dam after draw-down of the reservoir is influenced 

by the compressibility of the saturated material.

Apparatus designed to measure consolidation within the 

embankment have been installed in 25 Bureau of Reclamation 

earth dams in the past 14 years. Horizontal crossarms, con

nected in a system of telescoping riser pipes, are placed in the 

fill at 5-foot vertical intervals as construction of the embank

ment proceeds. The elevation of every crossarm in the system 

is determined to a hundredth of a foot by a sounding device

(Walker, 1948), when additional crossarms are placed and at 

increasing intervals of time after completion of the structure. 

The least stable section of the embankment, the impervious 

Zone 1, may contain from one to six telescoping pipe installa

tions. Impervious materials under observation range from 

clays of medium plasticity to gravels with barely sufficient fines 

for required impermeability. Their standard properties and a 

system of classifying the soils are discussed in these proceed

ings (Esmiol, 1953).

Consolidation During Construction

Figs. 1 and 2 present time-consolidation curves for 25- and 

30-foot vertical intervals along telescoping pipe systems in 

Deer Creek and Granby Dams, respectively. Accompanying 

sections show the location of crossarms which bound the inter
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Fig. 1 Consolidation o f  Vertical Intervals Along Crossarm Installation D  Deer Creek Dam

Consolidation des intervalles verticaux le long de l’installation «crossarm» D, Barrage de Deer Creek

vals. Each curve originates at the date when the uppermost 

crossarm o f  the interval is installed. Subsequent consolidation  

is obtained by subtracting the settlement o f the lowest crossarm  

in the interval, measured after this date, from the settlement 

o f the top crossarm. Total consolidation observed during pla

cing o f  the vertical interval is noted as the value 

In a fill o f low compressibility and high air content the load  

is transferred immediately to the grain skeleton as overburden 

is added during construction. The consequent vertical strain 

is primary consolidation plus an undetermined amount o f  shear 

deformation. This primary consolidation under embankment 

load ends with completion o f the fill. Post-construction strain 

is then secondary compression, a volum e decrease which con

tinues under constant effective stress as the grain readjust to  

a more stable arrangement. The time-consolidation curve clo

sely parallels the progress o f loading and changes slope ab

ruptly at the end o f construction, as illustrated by the curves 

in Fig. 1. The Deer Creek D am  Zone 1, a C L -G C  material 

containing 29 % rock, was placed at a water content half a per

cent less than optimum. Cumulative consolidation recorded 

at Crossarm Installation D  during construction was 2.47 feet, 

or 1.64% o f the original height. Secondary compression in 

8 years since completion o f the fill totaled 0.29 feet or 0.19%.

A  compressible impervious material placed near optimum  

moisture develops pore water pressures as it consolidates dur

ing construction. The dissipation o f  this hydrostatic excess

Fig. 2 Consolidation o f Vertical Intervals Along Crossarm Installations A and B  Granby Dam

Consolidation des intervalles verticaux le long de l’installations «crossarm» A et B , Barrage de Granby
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after completion o f the fill continues primary consolidation  

until the hydraulic stresses equalize with seepage pressures. The 

time-consolidation curve slopes gradually into the shut-down 

period, as do the curves for lower lifts o f Crossarm Installa

tion A , Granby Dam , where high pore pressures developed in 

the 1948 season. This reworked glacial till, containing 27% 

rock, was placed half a percent dry o f optimum and consoli

dated 5.69 feet or 2.39% at Installation A  by completion o f the 

fill on July 21, 1949. Post-construction consolidation totaled  

0.16 feet or 0.07% on May 14, 1952, when pore pressures 

neared equilibrium with the seepage condition.

There is no indication that a fill material continues to swell
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Fig. 3 Distribution o f  Vertical Stresses Along Crossarm Installation A 

Granby Dam

Distribution des efforts verticaux le long de l’installation «cross- 

arm» A, Barrage de Granby

Fig. 4 Field Compression Curves Granby Dam Zone 1, Crossarm 

Installations A and B

Courbes de compression (mesures sur le terrain) Barrage de 

Granby, Zone 1, les installations «crossarm» A  et B

Fig. 5 Compression at 100 Psi vs Water Content o f  N o. 4 Fraction

Compression à 100 livres par pouce carré en fonction du con

tenu d’eau de la fraction N o 4

after rolling even when it is restrained by little overburden. 

The presence o f negative pore pressures observed in dry clayey 

embankments requires sufficient expansion o f the grain skele

ton to mobilize capillary forces. This swell evidently is com 

pleted immediately after compaction and before a crossarm  

can be placed to record it.

Fi el d Compr essi on Cur ves

The pore water pressure developed in a rolled fill by con

solidation without drainage during construction was shown by 

H ilf  (1948) to be:

where: Pp gage pore pressure

P a absolute pore pressure after rolling, approximately 

atmospheric

Va volum e of free air in soil after rolling, percent of 

total volume

Vw volum e o f water in soil after rolling, percent o f  total 

volume

h Henry's constant o f solubility o f air in water, by 

volume, =  0.02 

A percent vertical strain at effective stress a in a pro

cess o f one dimensional consolidation  

Pp +  a total vertical stress o f  overburden.

This hydraulic uplift threatens stability by opposing effective 

normal pressures on the critical sliding surface. According to 

Equation (1), the compression at a particular effective stress is 

the most important parameter influencing the pore pressure 

build-up.

To investigate the compressibility o f various fill materials, 

curves o f A versus a are derived utilizing the crossarm settle

ment observations. Vertical effective stresses along a tele

scoping pipe system are obtained by subtracting pore pressures 

recorded at embankment piezometers from estimated total 

stresses. Brahtz' (1950) analysis o f dead-load stresses in simple 

earth dams guides this estimate. An allowance is added for thè
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relief or concentration o f stress above the cut-off trench de

pending on the settlement o f the backfill material compared 

to that o f the foundation on either side.

Fig. 3 shows the distribution o f observed pore pressures and 

total and effective vertical stresses along Crossarm Installation  

A  of Granby Dam . Fig. 2 provides the cumulative consolida

tion o f  vertical intervals along Installation A. Successive values 

o f strain, in percent o f the original height o f the interval, 

plotted against the effective stress in that interval at correspond-

Fig. 6 Field Compression Curves Representative Zone 1 Materials

Courbes de compression (essais sur le terrain) pour les matériaux 

de la Zone 1

TO N S/  SO FT  =  KG / SO  CM

Fig. 7 Decrease in Void Ratio vs Effective Stress Representative Zone I 

Materials

Diminution de la proportion des vides en fonction de la charge 

effective sur les matériaux de la Zone 1
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ing dates yield the compression curves in Fig. 4. Plotted loga

rithmically, the stress-strain relationships approximate straight 

lines, a characteristic first noted by S. M . Alexander for tests 

on compacted samples.

The contribution o f  shear deformation to the vertical strain 

is presumed to be negligible. This assumption is supported by 

the fact that the apparent compressibility at locations under 

low lateral restraint is not greater than the compressibility 

where confinement is maximum.

Fig. 8 Embankment Consolidation Jackson Culch and Horsetooth 

Dams

Consolidation des remblais, Barrages de Jackson Gulch et 

Horsetooth

V a r i a t i o n  o f  C o m p r e s s i b i l i t y  w i th  P l a c e m e n t  C o n d i t i o n

Because o f the heterogeneity o f earth materials, standard 

properties vary significantly within an embankment zone even 

when compaction is closely controlled (Davis, 1953). As a re

sult the family o f field compression curves for a particular 

Zone 1 incorporates a considerable range o f  strain. Various 

parameters, combining the results o f control tests taken in each 

vertical interval, were used to investigate the effect o f place

ment condition on compressibility. Moisture content o f the 

material passing the N o. 4 sieve appears to be the most in

fluential factor. Its effect is shown in Fig. 5 by plots o f  the 

strain at 100 psi o f  field compression curves for Granby and 

Anderson Ranch Dams against soil water content. Laboratory 

tests indicate that a sample compacted at optimum moisture 

and maximum density will undergo less strain at high stress 

than samples wet or dry. A  stress o f this magnitude has not 

been reached in the structures under observation.

The shape o f the logarithmic stress-strain plots in Fig. 4 

is related to the placement moisture. Curves for material 

wetter than about 0.5% below optimum are slightly convex 

upward with high initial strain and decreasing compressibility. 

The curves o f drier lifts are concave with compressibility more 

nearly constant, in som e cases increasing with added stress.

C o m p a r i s o n  o f  F i e l d  a n d  L a b o r a t o r y  C o m p r e s s i b i l i t y

Routine laboratory consolidation tests are performed on 

that fraction o f the borrow material passing the N o. 4 sieve. 

The principal uncertainty in using the results to predict the 

compressibility o f the embankment is the effect o f the untested



rock on the field compression. It was believed that a moderate 

percent o f rock would act as an incompressible admixture in 

the fill, not changing the properties o f the N o. 4 fraction from  

those o f the laboratoiy sample. Then the ordinates o f the 

laboratory compression curve reduced by the percent o f rock 

in the total material would yield the field curve.

Information for Anderson Ranch D am  Zone 1, because o f  

its quantity, provides the best comparison o f field and labora

tory characteristics. Compression o f compacted samples under 

100 psi is plotted against placement moisture in Fig. 5. Ordi

nates o f  the least square fit for the test values are reduced by 

10%, the portion o f rock in the total material. The agreement 

o f this corrected diagram with the field relationship validates 

the laboratory results. The study has yet to be extended to 

similar data available for other structures to confirm this tenta

tive conclusion.

Compressibility o f Various Zone 1 Materials

Field compression curves o f representative impervious soils 

are plotted logarithmically in Fig. 6 , and arithmetically as void 

ratio decrease in Fig. 7. Basic compression data for the Zone 1 

materials o f completed Bureau structures at their average place

ment moisture are given in Table 1. Although it is not possible 

to equate the value o f strain to some combination o f soil prop

erties, certain qualitative trends are apparent.

Compression at 10 psi varies from 0.2% for Jackson Gulch, 

Horsetooth, and N orth Coulee materials— placed 2.5% dry o f  

optimum— to 1.1% for Vallecito, compacted 0.7% wet. Other 

materials fall between these limits, roughly in order o f their 

deviation from optimum. The relative wetness effects the shape 

o f logarithmic stress-strain plots in the manner described for 

the Granby curves in Fig. 4. The four convex curves upper

most in Fig. 6 are o f  materials placed near optimum, each one 

o f which developed high pore pressures during construction. 

Their compressibility had been substantially reduced after 

completion o f  the fill, in periods o f pore pressure dissipation. 

Clays such as the Jackson Gulch and Horsetooth materials, 

placed well dry o f optimum to avoid construction pore pres

sures, have low initial strain and increasing compressibility.

As stress increases, the structural effect o f placement mois

ture becomes less important. The magnitude o f strain at 100 

psi is influenced principally by the plasticity o f the fines. The 

six curves which reach the highest strain in Fig. 6 are o f SC  

and CL soils, the four lowest are for SM or ML. The residual 

clays have the greatest ultimate strain o f any depositional 

group. Sand-gravel mixtures with non-plastic fines such as 

Caballo and Boysen B -l are the least compressible. They are 

followed by narrowly graded sands and silts o f low  plasticity 

like North Coulee and O’Sullivan.

The void ratio has little effect on the compressibility o f the 

materials in the range o f stress involved here. Green Mountain 

with a void ratio o f 0.19 is twice as compressible as North  

Coulee, void ratio 0.61. The type and intensity o f compactive 

effort undoubtedly have an important influence on compressi

bility. These materials were compacted in 6-inch layers by

12 passes o f sheepsfoot rollers loaded, in most cases, to 2 tons 

per lineal foot. A ll are as dense for the placement moisture as 

this equipment can provide with reasonable economy.

Post-Construction Consolidation

Reservoir operations bring about stress changes that in

fluence the deformation o f the embankment. The first filling

Depositional Group 

and Structure
Strain at 10 Psi Strain at 100 Psi

Residual

Horsetooth 0 .2 % 2.9%

Jackson Gulch 0 .2 % 3.8%

Heart Butte S.W. Area 0.5 3.8

Vallecito 1.1 4.2

Aeolian

Heart Butte N.E. Area 0.3 2.6

Medicine Creek 0.3 3.4
Enders 0.4 2.1

Bonny

N. Area 0.4 1.9
S. Area 0.3 1.6

Cedar BlulT

Area A 0.3 4.6
Area C 0.3 2.7

Lacustrine

Davis

C Material 0.7 3.2

B  Material 0.5 2.6

North Coulee 0.2 1.2

Glacial Fluvial

Green Mountain 0 .6 % 2 . 1%

Granby 0.7 2.3

Fluvial Valley-Flat 

O’Sullivan

Area 1 0.3 1.5
Area 7 0.3 1.6

Long Lake 0.3 1.6

Fresno 0.7 3.6

Fluvial Piedmont

Shadehill 0.4 2.0

Anderson Ranch 0.6 3.3

Boysen

Area B 0.3 1.4

Area K 0.4 1.9

Area B -l 0.3 0.9

Deer Creek 0.4 2.7

Caballo 0.3 1.2

Table 1 Basic Compression Data Zone 1 Materials

Données fondamentales de compression, matériaux de la Zone I

imposes a load on the upstream wedge o f the dam which de

creases shear stresses and brings vertical effective stresses in a 

dry fill to their maximum, or may increase pore pressures in 

a wet material. The penetration o f seeping water under sus

tained high reservoir increases the degree o f  saturation o f  a dry 

embankment and reduces effective stresses from the maximum. 

D issipation o f construction pore pressures in a wet material 

will decrease saturation and increase effective stresses in the 

same period.

A  draw-down o f  the reservoir removes the load from the 

upstream face. According to Terzaghi (1948) and Glover, Gibbs 

and Daehn (1948), the pore pressures residual from draw-down 

will not exceed a pattern o f  equal pressure contours parallel 

to the upstream slope and spaced hydrostatically on vertical 

lines. Any dissipation o f pore pressures from these values 

brings about an equal increase o f effective stresses, causing 

consolidation in a compressible, impermeable material. The 

consequent delay in drainage o f  the pore water may retain the 

hydrostatic distribution o f pore pressures even for a very gra

dual draw-down. Usually this consolidation occurs as a pro

243



cess o f recompression since the effective stresses reached their 

maximum at the first reservoir filling.

Broadly graded sand-gravel mixtures with either plastic or 

non-plastic fines are insensitive to these stress changes. N o  

swell or sudden compression is evidenced as water penetrates 

the fill. Consolidation proceeds on sm ooth curves at gradually 

decreasing rates as in Figs. 1 and 2. Post-construction strain 

has been limited to several tenths of a percent, over periods as 

long as 12 years in some cases. Although no consolidation is 

measured during draw-down, the residual pore pressures in 

several structures under observation reach the maximum values 

described by Terzaghi. Expansion o f air in the voids and the 

presence o f construction pore pressures, rather than a volume 

decrease accompanying draw-down, delays the dissipation of 

the hydraulic stresses.

Sherard (1952) has shown that fine sands and silts with little 

or no plasticity, when placed dry, are especially vulnerable to 

cracking due to settlement on saturation. In Bureau dams they 

have exhibited very low compressibility during construction 

and less than a tenth o f a percent consolidation in 2 to 4 years 

after completion of the fill. Observations to date on crossarms 

low  in the embankments show no increased compression with 

seepage penetration. These materials have been rolled as dry 

as 2.5% below optimum, but wetter than the placement m ois

ture at which laboratory samples consolidate further on satura

tion. Exacting moisture control plus heavy compaction evi

dently have provided a grain structure resistant to the effects 

o f saturation. Nevertheless, differential settlement o f the 

foundation threatens cracking o f such materials if they are 

placed excessively dry.

Clays o f low  to medium plasticity, compacted several per

cent below optimum, undergo the greatest post-construction 

strain o f the soils under observation. Crossarm Installation A, 

55 feet upstream o f the axis o f Jackson Gulch Dam , exhibited 

substantial consolidation under reservoir load, Fig. 8 , totaling 

0.80 feet or 0.55% since completion. Piezometers in the core 

indicate little seepage penetration by 1952. The curve for Cross- 

arm Installation A  at the axis o f Horsetooth Dam , Fig. 8 , 

illustrates the possible effect o f saturation. An increase in con

solidation in 1951-1952 accompanied a rise o f water level in 

the embankment to an elevation 20  feet above the lowest cross- 

arm at the axis.

Field compression curves o f the impervious materials under 

observation fall in a relatively narrow range bounded by 0.9% 

and 4.6% strain at 100 psi. The magnitude o f compression at 

low stress depends on the deviation o f placement moisture 

from optimum. The strain at stresses near 100 psi is influenced 

primarily by the plasticity o f the fines. These conclusions do 

not relieve the necessity o f compression testing for major struc

tures. However, used in conjunction with information on  

properties (Esmiol, 1953) and placement condition (Davis, 

1953) they provide data for a tentative prediction o f cons

truction pore pressures in similar soils.

The great majority o f the embankment materials have made 

only minor contributions to post-construction surface settle

ment. Clays placed dry are sensitive to stress changes after 

completion o f the structure. Available information indicates 

that fine sands and silts o f low plasticity can be made resistant 

to the effects o f saturation by heavy compaction and exacting 

moisture control.
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