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Both rapid and consolidation settlements may occur 
at the surface of a soil during filling, and analysis 
of the field data must distinguish between them to 
accurately determine the values of the coefficients of 
consolidation and the moduli of compression and shear 
(!.,_;~). The rapid settlements may be due to the com
p1·essio11 of granular soils and unsaturated clay layers, 
as well as to undrained shear settlements in saturated 
clay layers. 

SEPARATING RAPID FROM 
CONSOLIDATION SETTLEMENT 

At the end of filling the rapid settlements are complete 
and thereafter remain constant, but the consolidation 
settlements continue to increase. Therefore the best 
approach is to analyze the settlement data after the filling 
is complete. 

Use of Piezometer and Settlement 
Platform Readings 

After filling is complete, the observed settlements can 
be described by the following equation (~: 

P = p, + Upc (I) 

where 

p = observed settlement at some time, 
U = average percent consolidation at the same time, 
Pr = rapid settlement due to the completed fill, and 
p0 = consolidation settlement that the clay layer will 

experience when all of the pore pressures have 
been dissipated. 

Equation 1 can be used only when U is known. The 
most convenient way to estimate U from field data is 
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from the change in hydrostatic excess pore pressures 
with time. With this result, the two unknown settlements, 
Pr and p0 , can be determined from equation 1 at two dif
ferent times after filling is complete. 

Square-Root-of-Adjusted-Time Method 

The square root of adjusted time is a method that uses 
the rate of settlement after the fill is complete, when only 
consolidation settlement is occurring, to separate the 
rapid from the consolidation settlement during filling. 
The rate of settlement is determined from settlement 
platform observations. The square root of time is a well 
known cui·ve-fitting teclmique for analyzing data from the 
one-dimensional consolidation test (3) and has been shown 
to be valid for other boundary conditions (4). 

Since the theoretical solutions for consolidation used 
in this analysis treat instantaneous loading, some adjust
ment is required for field data where the load is gradu
ally increased by the placement of fill over a period of 
time. The consolidation settlements do not occur as 
rapidly during the construction period as they would have 
if the entire load had been placed instantaneously. Taylor 
(5) has s tudied this problem and found that, if the load is 
placed at a uniform rate, the consolidation settlement at 
the end of loading is equal to the settlement that would 
have occurred during one-half the loading time interval 
had the load been placed instantaneously. 

To analyze for rapid settlements by this method, the 
observed settlements after the entire load is in place are 
plotted against the square root of adjusted time, in which 
the adjusted time is defined as 

t'=tc/2+t (2) 

where 

t' =adjusted time, 
t = time lapsed since the completion of filling, and 

t. =equivalent load-placement time. 

An example of the equivalent load-placement time is 
shown in Figure la. The actual load versus time diagram 
during filling can be approximated by a straight line that 



Figure 1. Typical filling and settlement versus time plots 
(settlement platform 13). 
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Table 1. Reduction of data for the square·root·of-adjusted-time 
plot. 

Field Observations 

Time From Adjustment of Time for 2nd Stage 
Beginning Observed of Filling 
of 1st Stage Settlement 
Filling (d) (cm) t (d) t,/2 (d) t' (d) 

188 17.4 35 34 69 
195 18.3 41 34 75 
220 18.9 66 34 100 
245 19.5 91 34 125 
270 20.7 116 34 150 
295 21.0 141 34 175 

Note: 1 cm = 0.39 in. 

Figure 2. Square-root-of-adjusted-time plot for data 
shown in Table 1. 
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Figure 3. Soil profile at Bissell Bridge. 
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Figure 4. lsochrones for settlement platform 13. 
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Table 2. Summary of rapid settlement results. 

p, (cm) 

Location and Average 
Settlement Percent Square-Root-
Platform Cohsolidation of-Adjusted-
Identification Method Time Method Pt (cm) 

East Hartford 
Expressway 

13 13.1 11.9 32.5 
8 14.9 15.2 62.0 
4 10.6 9.8 43.5 
3 17.0 19.2 104.0 

Bissell Bridge-
east approach 

A 12.2 10.6 35.0 
B 26.7 26.7 57.2 
c 6.7 8.2 25.8 

Note: 1 cm = 0.39 in. 
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p,/p, 
(%) 

36 
25 
22 
18 

30 
47 
32 

encloses an equal area with the horizontal time axis, the 
projection of this straight line on the horizontal axis is 
t 0 for the second stage of filling, and the time (t) is mea
sured from the right end of t 0 • The settlement observa
tions are selected at times after the load is complete and 
are shown in Figure lb. Field observations from Figure 
1 are reduced as shown in Table 1. 

The square-root-of-adjusted-time plot for the data 
given in Table 1 is shown in Figure 2. The extrapolation 
of the straight line through the data to the vertical axis 
accounts for the consolidation settlement that has oc
curred since filling began. The intercept on the vertical 
axis contains the rapid settlement due to the second stage 
of filling and the settlement at the beginning of this stage 
of filling. 

The equivalent load-placement time can be determined 
in other ways. The method shown in Figure 1 begins the 
straight line at the initiation of filling and draws it for
ward in time. An alternate method is to begin at the end 
of filling and draw the line backward in time. Both 
methods give approximately the same result. 

The validity of this technique was verified by com
paring the rapid settlement results from it with the re
sults from using an analysis involving percent consolida
tion and equation 1. 

DESCRIPTION OF FIELD SITES 
AND DATA 

The field data used in this study were obtained from the 
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Soils Division of the Connecticut Department of Trans
portation. The data included construction records and 
settlement platform and piezometer observations for two 
projects. One site is the highway interchange on the 
east side of the Charter Oak Bridge in East Hartford. 
The other site is the east approach to the Bissell Bridge 
in Windsor, which is about 6.4 km (4 miles) north of the 
Charter Oak Bridge. Figure 3 shows soil conditions at 
the Bissell Bridge. This soil profile is typical, although 
the thicknesses of the soil layers vary with location. 

Readings from three piezometers were plotted as 
shown in Figure 4. The isochrones were constructed 
by drawing smooth curves through the data points and 
the initial excess pore-pressure isochrone was estimated 
from the response of the piezometers to filling. The ap
proximate percent average consolidation was found by 
comparing the areas under the isochrones in the equa
tion (3) 

U=l-A/A0 (3) 

where 

A = area under the isochrone at the time of interest 
and 

Ao = area under the initial hydrostatic excess pore
pressure isochrone. 

The areas used in equation 3 were measured with a 
planimeter, and the average percent consolidation was 
then used in equation 1 with the appropriate observed 
settlement. 

The square-root-of-adjusted-time plots were made as 
described above. 

RESULTS OF FIELD DATA ANALYSES 

The results of the analyses of the field data from seven 
settlement platforms are shown in Table 2. The rapid 
settlement values arc for the complete fill. The maxi
mum difference between the results determined by pore
pressure analysis and t hose determined by the square 
root of adjusted time is about 2.5 cm (1 in), which is 
about 10 percent of the settlement value. (The rapid 
settlements for the sites evaluated here include compres
sion of the sand layers covering the clay and undrained
shear settlements in the clay itself.) 

The coefficient of consolidation must be constant in 
order to apply the square-root-of-adjusted-time method, 
but this condition is not necessary for the average per
cent consolidation method using piezometer data. The 
coefficient of consolidation for this varved clay was rea
sonably constant for each settlement platform investi
gated, but the relation between the level of effective 
stress and the coefficient of consolidation should be 
checked from field data for each clay deposit. If the 
coefficient of consolidation decreases with increasing 
effective stress, the square-root-of-adjusted-time 
method will give rapid settlements that are too large. 

Rapid-settlement information can be put to design use 
in several ways. If the initial settlement and the applied 
load ar e known, a theory similar to that pr oposed by 
D' Appolonia and others (1, 2) can be used to backfigw·e 
the w1drained Young' s modulus (E.), which can the11 be 
used in future designs. An alternate approach is to 
analyze all of the available data from a clay deposit for 
rapid settlements and, from the results and the loading 
configurations, estimate the amount of rapid settlement 
to be expected on future projects. 

CONCLUSIONS 

1. The square-root-of-adjusted-time method is a 
simple method for determining rapid settlements from 
settlement platform data. 

2. This method gives good results for most drainage 
conditions. However, in clays whose coefficient of con
solidation varies significantly, piezometer data will also 
be needed. 
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Discussion. 
Philip Keene, Consulting Engineer, Middletown, Con
necticut 

The two methods described in the paper are useful 
when good settlement and excess pore-pressure data are 
available on a project having a compressible stratum, 
such as a varved clay. They are especially useful when 
other compressible strata are present and deep-seated 
settlement devices, such as Borras earth anchors, have 
not been installed to separate the settlements of the var
ious strata. Both of the projects described in the paper 
wer e constructed many years ago (1956 and 1959), and the 
settlement platforms and piezometers were installed for 
construction control only, with no attempt to expand the 
instrumentation for research purposes. Both of these 
projects are located close to the Connecticut River in the 
floodplain a:r ea, where tp.e alluvium deposits are chiefly 
fine sand and silt with little organic material (peat and 
wood chips). These sb·ata are thin and very erratic in 
extent. At all of the locations studied in the paper, there 
were sand and silt and a little organic material above the 
varved clay. These rather soft soils were not removed, 
as their compression is not harmful to roadways and 
bridges. At the Windsor site, overload fill and a waiting 
period were used before building the bridge. To judge 
from the boring and test data and from experience on 
various other projects, it is probable that settlement of 
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the loose strata above the varved clay at these locations 
was 6 to 12 cm (0.2 to 0.4 ft). Consequently, the fifth 
column of Table 2 has little significance, as it involves 
totals of two very different kinds of settlements: com
pression and shear strains of silt, sand, and organic 
material; and strains due to shear stresses (initial set
tlement) in the varved clay. 
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