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Strength changes in dredged materials due to aging 
Effet du vieillissement sur la résistance des matériaux de dragage

Thomas Calmeau -  Project Manager, The Rice Group, LLC, Chicago, Illinois, USA 

Raymond J.Krizek -  Stanley F.Pepper Professor of Civil Engineering, Northwestern University, Evanston, Illinois, USA

ABSTRACT: O f interest to geotechnical engineers is the influence o f several decades o f aging on the shear strength of a “new” 

(recently deposited) soil. Strength changes due to aging over this period are considered to be those changes which cannot be directly 

attributed to densification, changes in water content, or similar effects which alter the state o f a soil. Accordingly, changes due to 

aging are those changes that occur at interparticle contacts as a function o f  time when the slate o f  the soil is essentially unchanged. 
Experimental data were gleaned from three dredged material landfills over a time span ranging from the initial deposition o f  the 

materials in shiny form to a time approximately 30 years later. A simple phenomenological interpretation is suggested to eliminate 

the effects o f  partial saturation from the overall measured strength gain and isolate the gain due to aging.

RÉSUMÉ: Les ingénieurs en geo technique s ’intéressent à l ’effet qu’opère le vieillissement de quelques décennie sur la résistance de 

sols nouveaux, soit des sols récemment mis en place. Il est admis que cette action exclue les effets de la densification, des variations 

de la teneur en eau, ou des autres effets similaires qui altèrent l ’état du sol lui-même. En conséquence, les changements de résistance 

dus i  ce type de vieillissement se produisent aux interstices des particules du sols et sont dus au seul effet du temps en excluant les 

altérations citées précédemment Des données expérimentales ont été rassemblées dans trois remblais de matériaux de dragage au 

cours de deux études, la première durant le remblayage, la seconde une trentaine d'armées plus tard. Une hypothèse 

phénoménologique éliminant les effets de la saturation partielle conduira à identifier le gain de résistance lié au vieillissement.

1 INTRODUCTION

The influence o f  aging on the engineering properties, especially 

the shear strength, o f  a “new” soil has challenged geotechnical 
engineers for a long time. As used in the context o f  this study, a 

“new” soil is one that has been deposited recently from a 

disturbed state and aging refers to changes that occur over a time 

o f about 30 years, as contrasted to aging in the geological sense, 
which may span thousands o f  years or longer. Changes in shear 

strength due to aging over this period are those changes which 

cannot be directly attributed to densification, changes in water 

content, or similar effects which alter the state o f  the soil. As 

such, changes due to aging are those changes which occur at 
interparticic contacts as a function o f  time when the state o f  the 

soil is essentially unchanged. This study is based on 

experimental data gleaned from three dredged material landfills 

early in their history and 30 years later. The principal dependent 
variable is shear strength and the primary independent variable is 

time, with secondary independent variables being the spatial 
locations o f  the various data measurements. Averaging 

procedures similar to those employed with the original data arc 

used to reduce the spatially distributed data to a value 

representative o f  the landfills at 30 years o f  age. Placing this 30- 
year value o f  shear strength in perspective with earlier baseline 

values enables an estimate to be made o f  the effects o f  aging on 

the time-dependent development o f  shear strength.

2 BACKGROUND

Since the 1960s environmental and economic considerations 

have dictated that polluted sediments dredged to maintain deep 

water harbors and waterways be deposited in diked containment 
areas. Three o f  these sites in Toledo, Ohio (Penn 7, Penn 8, and 

Riverside; see Figure 1) were studied extensively in the early 

1970s by Krizek and his coworkers (Salem, 1975; Krizek and 

Salem, 1977; Krizek and Atmatzidis, 1978). Approximately 

three million cubic meters o f  dredged material in depths up to 

about 4 meters were deposited periodically in these three sites 

between 1966 and 1973. Assuming 1966, 1968, and 1972 as the 

nominal initial years o f  Penn 8, Riverside, and Penn 7, 
respectively, provided an excellent opportunity to amass a

comprehensive set o f  baseline data for “new” dredged material 
landfills during the first 8 years o f  their existence. Then, in 

August o f  1999 -  nominally three decades later -  a follow-up 

study was undertaken to obtain comparative data to quantify the 

changes that had occurred.
These landfills were created in a manner similar to that used 

for virtually all dredged material containment areas. A typical 
dredgingand-disposal cycle is initiated by a dredge removing 

sediments from the bottoms o f  harbors and navigation channels 

and collecting them in the hold o f  the vessel. Then, the dredge 

connects to a pipeline, mixes the sediments with large volumes 

of ambient water, and pumps the resulting slurry (typically at 
10% to 20% solids content) into the containment area. Usually 

there is an overflow weir located more-or-less at the farthest

Figure 1. Dredged Material Disposal Areas.

point from the inflow pipe; as the solids settle from suspension, 
the excess water exits the containment area over this weir. Such 

hydraulic placement o f  dredged material slurries results in a 

selective sorting o f  particle sizes because the larger particles
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settle faster, and therefore closer to the inflow pipe, as the slurry 
with its load of suspended solids flows from die inflow pipe 
toward the overflow weir. Krizek and Salem (1977) documented 
that the coarse particles (sand and gravel) settle in a relatively 
small region (with a radius on the order of 100 meters) around 
the inflow pipe, and the particle size characteristics of the 
material in the remaining parts of the landfill do not vary 
substantially. The process of filling a containment area is usually 
intermittent (with a given area sometimes remaining dormant for 
a couple of years), thus allowing the newly deposited materials 
to undergo bottom drainage, evaporation, vegetation, 
transpiration, and shrinkage with associated alligator cracking 
between cycles; because of the shallow depths and resulting low 
overburden stresses, the various layers may experience 
substantial overconsolidation.

3 CURRENT TEST PROGRAM

A program of field and laboratory tests, summarized in Table 1, 
was undertaken in August 1999 at these three sites to obtain 
current values for the water content, dry density, and field vane 
shear strength. Field testing and sampling was conducted using a 
versatile remote-controlled Diedrich D-50 track unit Hollow 
stem auger borings were made at predetermined test locations 
more-or-less along the line extending from the inflow pipe to the 
overflow weir, and either field vane shear tests were conducted 
or Shelby tube or split spoon samples were taken through the 
hollow stem at discrete depths in the underlying undisturbed soil. 
The relative location of a sample or field test m a typical 

containment area was designated by the depth and a horizontal 
distance ratio, x/I, where x is the distance from the overflow weir 
and 1 is the distance from the overflow weir to the inflow pipe. 
The shallowest vane tests were typically performed at a depth of 
approximately one meter and the subsequent spacing of tests was 
on the order of one-half meter to a typical depth o f 3.5 meters (at 
which point the underlying foundation soil, as well as the limit 
of the test equipment, was usually reached). Following each field 
vane measurement of the undisturbed shear strength, the 
remolded value of the shear strength was determined after 
twenty additional rotations of the vane in place and a 90-degree 
rotation in the opposite direction to release any residual stresses. 
The vane was then advanced to a deeper point and the process 
was repeated. Three-inch (76.2-mm) diameter Shelby tube 
samples were generally taken in a separate borehole in the 
immediate vicinity of the field vane shear tests to allow 
correlation. The engineering properties of these materials were 
further investigated by conducting laboratory tests on the tube 
and split spoon samples.

Table 1. Scope of Test Program.

Rivas ide Penn 7 Penn 8 Total

Bore Holes 6 3 3 12

Field Vane Tests* 22 10 13 45
Shdby Tube Samples 8 7 6 21

Split Spoon Samples 6 12 3 21

Visual Analyses 14 12 9 35
Water Contents 13 16 9 38
Dry Densities 6 4 3 13

•For both the lindistnrbcd and remolded strengths.

3.1 Material Description

Visual observations of 35 split spoon and tube samples from all 
three sites indicated that the primary type of soil for distance 
ratios, x/I, less than 0.75 was a brown, gray or blue-gray silty 
clay with traces of fine to medium sand; due to the selective 

sorting of particles resulting from the previously described 
hydraulic placement, the materials were increasingly sandy as 
the inflow pipe was approached. These material descriptions are 
generally consistent with these of Krizek and Salem (1977), who 
reported the presence of sand, silt, and clay at these sites in 
approximate proportions of 1:3:2, with organic contents between 
4 and 8 percent-

3.2 Time Range

As mentioned earlier, comprehensive baseline data for the 
materials at various spatial locations in these disposal sites were 
collected during the first 8 years of their existence. However, 
during the first year the materials were too soft to traverse, and 
no measurements could be made; changes in shear strength were 
measured only after the first year, which is taken as the time 
origin for each site. Depending on the specific year of placement, 

the dredged materials in the various layers are between 27 and 
33 years old (nominally considered to be three decades).

3.3 Representative Thirty-year Values fo r  Soil Properties

Variability in the properties (undisturbed and remolded field 
vane shear strengths, dry density, and water content) of the 
dredged material deposits was addressed primarily by identifying 
trends in die horizontal and vertical directions (x/1 and z, 
respectively), which was also considered by Pickles and Tosen 
(1998) when determining the properties of reclaimed land for the 
new Hong Kong International Airport Representative values of 
soil properties at a nominal time of 30 years were determined 
from empirical equations that were formulated by (a) describing 
the vertical soil profile data for a given property at each different 
x/1 location by a “best-fit” equation of the form:

Ap
p = p0 + —  z 

Az
(1)

and determining the value at z = 2 meters, (b) plotting these 
values versus x/I, (c) describing the resulting horizontal soil 
profile with a “best-fit” equation of the form:

q = qo + -------- (x/1)
A(x/1)

(2)

and (d) determining from the resulting equation the 
“representative" value of the particular soil property at x/1 = 0.4. 
It is important to appreciate the fact that these values are 
intended to represent the undisturbed and remolded strengths, 
dry density, or water content of the silty clayey soils that occupy 
the majority of the disposal site; they do not purport to represent 
those soils within about 100 meters of the inflow pipe or the 
boundary soils, which were not included in the analysis.

3.3.1 Shear Strength

The foregoing procedure was applied to the shear strength (both 
undisturbed and remolded, with an adjustment to the undisturbed 
values that will be explained later to account for partial 
saturation) data at x/1 values of 0.15, 0.25, 0.35, 0.50, and 0.65, 
and the results are depicted in Figures 2 and 3. The lack of a 
definitive trend in the vertical profiles for both the undisturbed 
and remolded shear strengths at all x/1 values did not support the 
use of Equation 1; instead, simply the average value of the 
strength was calculated and is shown in Figure 2 by an open 
diamond in each of the ten profiles. In Figure 3, the respective 
undisturbed or remolded average strength values are plotted as a 
function of x/I and described by a “best-fit” version of Equation
2, and “representative” strength values of 51 kPa and 15 kPa are 
determined for the undisturbed and remolded strengths, 
respectively, al x/1 = 0.4 for a nominal aging period of 30 
years. A similar process was followed in the analysis of the data 
from certain specific years in the early history of these sites.

3.3.2 Water Content and D ry Density

Equation I was used to describe 26 values (38 less 5 values near 
the boundaries and 7 in the parent foundation soils) for the water 
content at x/1 values of 0.25, 0.50, 0.65, 0.75, and 0.85, and 10 
values (13 less 3 values near the boundaries) for the dry density 
at x/1 values of 0.25, 0.50, and 0.65. “Representative” values for 
the water content and dry density were determined from a “best- 
fit” version of Equation 2 to be 50% and 1036 kg/m], 
respectively, at a nominal time of 30 years.
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Figure 2. Shear Strength Profiles.
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Figure 3. Representative Shear Strength Values.

At the time o f deposition, the water table was essentially at the 

ground surface. Over die ensuing years it is believed to have 

gradually lowered to the depth at which it currently exists, but 

there are no records to document its history. At the time o f 

sampling the depth o f the groundwater table was between 2.0 

and 2.7 meters, and, with few exceptions, the soil samples above 

the groundwater table were found to be more than 80% 

saturated.

3.4 Baseline Values fo r  Material Properties

Detailed shear strength, water content, and dry density Hata for 

the early years in the history o f these sites (Salem, 1975) were 

analyzed in essentially the same mannrr described above to 

determine representative baseline values. In the case o f she» 

strength, representative values at times o f 1 and S years w oe 

calculated directly from empirical equations reported by Salem 

(1975) to be 4 and 19 IcPa, respectively. Representative values 

for the water content and dry density from six of the Cist eight 

years (including the first year in the case o f one site) o f a 

containment area operation arc summarized in Table 2. Four of 

79 values (for both the water content and the dry density) 

measured during the early years in the history of these sites 

reflected apparent testing errors and were therefore excluded 

from the analysis. Since explicit remolded strength values were 

not available for the early years in the history o f these sites, 

relationships reported by Salem (1975) were used to estimate 

these values at 1 and 5 years to be 2 and 4 kPa, respectively. For 

example, the water content at 5 years was used in conjunction 

with a well-documented relationship between sensitivity and 

water content to determine the sensitivity and subsequently the 

remolded shear strength to be 4 kPa. Similar results were 

obtained by using a companion relationship between sensitivity 

and dry density.

Table 2. Baseline Values for Water Content and Dry Density.

Year* Water Content

(%)

Dry Density 

(kg/m3)

0 93 764

1 83 823

4 61 950

5 60 985

6 60 995

7 59 1006

*The end of the first year is taken as the time origin.

3.5 Time-dependent Changes

Figure 4 places the “representative” 30-year values o f the soil 

properties in context with the corresponding baseline values to 

identify changes that have occurred with time. In all cases, a 

hyperbolic equation o f the form:

P(t)-P«=
bt

(3)

can be used to describe the time-dependent changes in a soil 

property, p(t), at a given time, t, where po is the initial value of 

the particular soil property and a and b are empirical coefficients. 

Equation 3 reflects the rapid changes in soil properties that occur 

during the early years in the history o f these sites and shows that 

the change in any given soil property, p(t) - po, approaches an 

asymptote o f 1/b for large values o f time. Use of this equation to 

describe the representative values o f  the various soil properties 

produces the plots shown in Figure 4.

3.6 Changes Due to Aging

The change in strength due to aging over the 30 years these 

dredged materials have been in place is deduced by the following 

rationale. The basic premise is that any measured change in 

strength may be attributed to some combination o f three 

independent phenomena: (a) partial sanitation, (b) densification 

and/or changes is water content, and (c) development o f
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Figure 4. Time-dependent Changes in Soil Properties.

interparticle bonds (termed aging herein). The first step is to 

adjust the measured 30-year strength values for the samples 

above the water table (about 2 meters deep) to account for the 

effects o f  partial saturation. Then, the next step is to subtract 
from the remaining 30-year strength values that portion o f  

strength that existed in the early age sediments at the same water 

content and/or dry density before any aging effects had been 

manifested. The resulting strength is attributed to the 

development o f interparticle bonds or aging.
Data showed that the samples below the water table were 

saturated for aO practical purposes, and hence there is no 

influence o f  soil-water potential. With few exceptions, the 

samples above the water table were more than 80% saturated, so 

continuity o f  the pore water with the water table is assumed. 
Thus, the strength adjustment attributable to partial saturation is 

based on the matric suction associated with capillarity, and the 

total effective stress at a given point above the water table is the 

sum o f  the overburden stress and the matric suction. Assuming 

zero cohesion to be conservative, the effect o f  partial saturation 

is taken into account by multiplying the measured undisturbed 

shear strength by the overbunkn-to-total stress ratio; this 

procedure yielded adjustments ranging from z o o  to about 32 

kPa which were subtracted from the measured 30-year values o f  

the undisturbed (but not remolded) strength, and these adjusted 

strength values are plotted in Figure 2.
Well documented strength-water content and strength-dry 

density relationships reported by Salem (1975) were used to 

estimate two different early age strength values o f  30 kPa and IS 

kPa for soils at a water content o f  50% and a dry density o f  1036 

kg/m3, respectively -  the same water content and thy density 

values representative o f  the soils 30 years later. Accordingly, in 

the case o f  water contort the strength gain <toe to aging would be 

21 kPa (5lkPa less 30 kPa), whereas in the case o f  dry density it 
would be 36 kPa (51 kPa less 15 kPa); hence, the actual strength 

p m  due to aging for 30 yearn is considered to lie between 21 

kPa and 36 kPa, which values represent between 40% and 70% 

o f  the measured 30-year undistaibed strength.

4 CONCLUSIONS

Based on an analysis and interpretation o f  data obtained from 

field and laboratory tests on 30-year-old dredged materials in 

three disposal sites, the following conclusions can be advanced:

1. The undisturbed shear strength 30 years after placement in a 

containment area was about 50 kPa -  more than an order of 

magnitude higher than the one-year strength and over 2.5 

times the 5-year strength.
2. The equations used to describe the data indicate that the 30- 

year values for the water content and dry density are close to 

their long-term equilibrium values, whereas the shear strength 

will likely increase considerably more over the ensuing years; 
this suggests that consolidation is essentially complete, but 
aging effects are still exerting their influence.

3. Early age and 30-year shear strength values for materials at 
nearly the same water content and dry density suggest that the 

portion o f  the shear strength attributable to interparticle bonds 

developed during aging over these three decades is on the 

order o f  40% to 70%.
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