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Estimating the rate of settlement for foundation soils treated with verti-
cal drains requires an understanding of the horizontal drainage behavior 
of the soil, because the time of consolidation settlement may be critical to 
the overall construction schedule and sequencing. This paper provides 
a case study comparison of the results of methodologies associated with 
obtaining design parameters for horizontal drainage for use with ver-
tical drain design, including backcalculation of field settlement data, 
cone penetrometer testing for pore pressure dissipation, and laboratory 
Rowe cell testing, by means of the soft, cohesive Lake Bonneville soil 
deposits in Salt Lake City, Utah. Each of these methodologies has an 
inherent set of strengths and limitations that should be considered when 
vertical drains are being designed or time of consolidation settlement is 
being estimated. Backcalculation of field performance data is effective 
in identifying true in situ settlement behavior but is not always feasible. 
Rowe cell testing tends to provide values that more closely correspond 
with those obtained from backcalculation but is not often performed. 
Testing for pore pressure dissipation is the most used technique, but it can 
provide drainage values much higher than the other two methodologies.

When large embankments are being constructed over thick, soft 
clay soils, the time associated with primary consolidation for verti-
cal drainage can be lengthy, in some cases on the order of many 
years. For large construction projects in an urban environment, 
waiting periods of that magnitude can become very costly as well 
as burdensome to the traveling public. Prefabricated vertical (PV) 
drains are often installed within thick cohesive foundation soils to 
reduce the time associated with primary consolidation settlement by 
shortening the drainage path and allowing excess pore water pres-
sures to dissipate primarily in the horizontal direction. This reduc-
tion in time of settlement can directly translate into a corresponding 
acceleration in time of construction.

Using accurate methods for determining the horizontal drainage 
properties and estimating the rate of settlement of foundation soils 
treated with PV drains is important because the time of settlement 
is often critical to the overall construction schedule and sequenc-
ing. Underestimating the time of consolidation often results in a 
delay in scheduled construction activities, and this delay can further 
adversely affect the project sequencing and potentially cost more 
time and money. Although being conservative can eliminate the frus-
tration that accompanies an underestimate in the time of consolida-
tion, being overly so is not economical or practical in the time of 
consolidation estimate.

This paper summarizes the results of a project undertaken to explore 
the relationships between various methodologies associated with 
obtaining design parameters for horizontal drainage for use with PV 
drain design and ultimately making time of settlement estimates. 
These methodologies include backcalculation of field settlement 
data, piezo cone penetrometer (CPTU) testing for dissipation of pore 
pressure, and Rowe cell testing in the laboratory. The study used 
the highly compressible, fine-grained lacustrine sediments deposited 
at Pleistocene Lake Bonneville in Salt Lake City, Utah (Figure 1). 
These soil deposits were selected because they consist of thick cohe-
sive layers that require a long period to achieve primary consolida-
tion, and soil investigation and settlement data for these sediments 
were readily available. When the embankments—8 to 10 m tall—for 
I-15 were initially constructed through Salt Lake City during the 
1960s, 2 to 3 years were required for the underlying foundation soils 
to reach near the end of primary consolidation with vertical drain-
age. In contrast, during placement of the embankment for the more 
recent reconstruction of I-15 through Salt Lake City, the use of PV 
drains shortened the time of primary consolidation to between 6 and 
12 months with horizontal drainage. Although PV drains allowed the 
project to be completed in a more compressed time frame, provid-
ing accurate end-of-settlement projections proved to be challenging 
throughout the project.

The Lake Bonneville sediments are approximately 15 m thick and 
generally identified by upper and lower compressible cohesive layers 
separated by thin interbedded layers of subaqueous silts, fine sands, 
and low-plastic clays (Figure 1). The upper and lower Bonneville 
layers consist of soils that tend to classify as low- or high-plasticity 
silts and clays (ML, MH and CL, CH) (1, 2). Between them lies 
the interbedded Bonneville layer, which consists of thin alternating 
soil layers classified as low-plasticity silts and clays (ML and CL) 
intermixed with clayey or silty sands (SC or SM) (1, 2). In general, 
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the Lake Bonneville clay layers are slightly overconsolidated (over-
consolidation ratio of approximately 1.5), are readily compressible 
(compression ratio from 0.1 to 0.35), and have fairly low undrained 
shear strength (25 to 50 kPa) (1, 2).

The location selected for this research was the South Temple 
site (South Temple Street and 650 West) in Salt Lake City because 
it exhibited highly compressible subsurface clays and was readily 
accessible (Figure 1). Furthermore, a large amount of subsurface 
characterization had previously occurred in conjunction with the 
Interstate reconstruction and in another research project character-
izing the vertical consolidation and drainage properties for the Lake 
Bonneville clays (1, 2).

Horizontal Drainage Parameters

Two primary drainage parameters can be obtained and used for design 
of consolidation settlement of fine-grained soils: the coefficient of 
permeability and the coefficient of consolidation, which are directly 
related. The methodologies evaluated in this research all estimate 
the coefficient of consolidation, but in situ techniques that measure 
direct flow can also be used to determine the soil permeability. In 
either case, knowing one of the drainage parameters and the vertical 
compressibility of the soil allows for calculation of the other.

Consolidation settlement of a soil takes place after an increase in 
the loading conditions and a corresponding increase in pore water 
pressure within the soil. As the induced excess pore water pres-
sures dissipate and water is expelled from the void spaces within 
the soil mass, simultaneously the soil particles move closer together. 
Foundations treated with PV drains undergo radial consolidation, the 

process of vertical compression resulting from horizontal drainage 
(3). The processes of vertical and radial consolidation are similar, 
with the exception of the direction of dissipation of excess pore pres-
sure. However, radial consolidation is mathematically more com-
plex because the distance between the flow paths decreases as they 
approach the PV drains, as opposed to remaining constant throughout 
the vertical drainage system. In either case, the drainage of excess 
pore water pressure with respect to time is a function of the coeffi-
cient of consolidation, either cv or ch, for vertical or radial (i.e., hori-
zontal) consolidation, respectively. Thin layers undergoing radial 
consolidation experience some effect from vertical drainage, but 
these effects are minor when the compressible layer is more than 
5 m in thickness (4). To be conservative for thinner layers, researchers 
often still disregard the vertical drainage. However, in this study, both 
the Lake Bonneville clay layers are thick enough that any vertical 
drainage was neglected.

The coefficient of consolidation is a lumped parameter having 
the material properties that govern the consolidation process by 
combining both the effects of compressibility and permeability 
of the soil. The only practical difference between the coefficients 
of horizontal and vertical consolidation is the difference between 
the horizontal and vertical permeability. The other two parameters 
that contribute, the unit weight of water and the vertical compress-
ibility of the soil, remain the same for both conditions. The vertical 
coefficient of consolidation is typically obtained from a one-
dimensional laboratory consolidation test. Different methods of 
obtaining the horizontal coefficient of consolidation are discussed 
and compared later.

Most clays tend to have a larger permeability in the horizontal 
direction than the vertical because of the depositional environment 

FIGURE 1  Typical CPTU log profiles for soft foundation soils at South Temple site  
in Salt Lake City.
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that exists when clay layers are formed under subaqueous conditions. 
Representative values of the ratio (kh/kv) of horizontal permeability 
(kh) to vertical permeability (kv) for the Lake Bonneville clay layers 
have often been thought to best fit within a description of slight layer-
ing (e.g., sedimentary clays with occasional silt dustings to random 
silty lenses) and therefore assumed to have a horizontal to vertical 
permeability ratio somewhere between two and five (5). This ratio 
for the Lake Bonneville clay layers was also explored as part of the 
research and is addressed later.

metHoDs for obtaining ch

backcalculation of field Data

Field performance data of primary consolidation settlement can be 
used to back-calculate the horizontal coefficient of consolidation 
for soils treated with PV drains by using the technique described 
by Bergado (6) in conjunction with the Asaoka projection method 
(7), an observational technique that uses actual settlement data for 
determining the end of primary consolidation. Successive equal time 
steps for the actual settlement data are required, and the resulting 
settlement for each time step is plotted against the settlement for each 
respective previous time step. The corresponding first-order differ-
ence line intercepts a 1:1 slope line and provides both an estimate of 
the magnitude of settlement and the time to end of primary settle-
ment. The slope of this Asaoka projection line is then used to back-
calculate the effective coefficient of consolidation, ch(e), an average 
or composite value for the entire layer (8).

Bergado demonstrated the technique for backcalculating ch(e) and 
showed that the calculated value is a function of three unknowns: 
the ratio (kh/ks) of the horizontal permeability of the soil to the hori-
zontal permeability of the soil in the smear zone (ks), the ratio (ds /dw) 
of the diameter of the smear zone (ds) to the diameter of the PV drain 
(dw), and the discharge capacity of the PV drain (qw) (6). Underesti-
mating the smear effects of PV drain installation or overestimating 
the discharge capability of the drain will result in underestimation 
of ch(e) values. However, for PV drains that provide sufficient flow 
for the drainage capacity of the soil fabric, the discharge capacity  

term becomes insignificant and does not affect the calculated ch(e) 
value. For this research, the discharge capacity of the PV drains, qw, 
was assumed to be sufficiently large not to limit the drainage of the 
excess pore pressures because the drains were effective in signifi-
cantly reducing time of settlement. On the basis of the geometry of 
the installation mandrel for the PV drain, the ratio of ds /dw was deter-
mined to be about 3.65. For soils with fairly well to well-developed 
macrofabric (e.g., sedimentary clays with discontinuous lenses and 
layers of more permeable material), the ratio of kh/ks is about two to 
four, while, for varved clays and other deposits containing embedded 
and more-or-less continuous permeable layers, the ratio of kh/ks may 
vary from about three to 15 (6). Initially, a value of four was selected 
for this research because the Lake Bonneville clay layers seemed to 
fit within the two descriptions provided above (8). However, a more 
accurate lower value was subsequently determined and is provided 
later in this paper.

During the more recent I-15 reconstruction project, a spider mag-
net extensometer was placed within the foundation soils at the South 
Temple site to capture the compression of the individual layers dur-
ing embankment construction (Figure 2) (8, 9). The magnet eleva-
tions were selected to correspond with the interface between major 
subsurface soil layers. The readings from this instrument were used 
in conjunction with the method discussed above to back-calculate 
the effective horizontal coefficient of consolidation for each of the 
different magnet intervals, as well as a composite (or average) value 
for the entire subsurface profile (6). The resulting effective horizon-
tal coefficient of consolidation, ch(e), values are shown in Figure 2. 
A single settlement point from the surface was used to calculate a 
composite ch(e) value of 14 mm2/min for the entire subsurface pro-
file. Likewise, individual ch(e) values of 9, 17, and 12 mm2/min were 
calculated for the magnet intervals corresponding with the lower 
Bonneville, interbedded Bonneville, and upper Bonneville clay 
layers, respectively. These values essentially represent the baseline 
values for this study because they indicate the true behavior of the 
soil–PV drain system.

The variance of the ch(e) between layers was smaller than expected. 
The authors anticipated that the granular layers would exhibit a much 
larger drainage potential than the adjacent clay layers. However, this 
smaller variance could potentially be attributable to a smear zone 

FIGURE 2  Backcalculated values for ch(e) from magnet extensometer data.
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created for the entire length of the PV drain during its installation. In 
other words, the granular layers may not be reaching their natu-
ral drainage potential because of clay smeared along the interface 
between the drain and the adjacent granular soil from overlying 
clay layers. However, these results represent the reality of practical 
construction application and true field behavior.

CPtU test for Dissipation of Pore Pressure

The test for dissipation of pore pressure is the most common in 
situ technique for determining the coefficient of consolidation, ch, 
and is readily performed with a CPTU test. Although a number of 
methods for interpreting the data have been developed, the Teh and 
Houlsby method (10) is the most accurate (11). This method fol-
lows the premise that theoretical dissipation curves dependent on 
soil stiffness can be normalized by the square root of the rigidity 
index (IR) to provide a single theoretical dissipation curve for soils 
of variable stiffness (10). As the cone penetrometer is advanced 
through the soil, the shearing action of the soil displacement gener-
ates excess pore water pressures. When the depth of the dissipation 
test is reached, the advancement of the probe is halted, and pore 
water pressure is measured until the excess pressure has reached at 
least 50% dissipation.

Use of the pore pressure dissipation test has several limita-
tions. First, this test requires knowing the rigidity index of the soil. 
Because measuring this value at each test depth would be impracti-
cal, a general value is typically used for the soil type. However, this 
generalizing assumption potentially limits the accuracy of the ch 
calculations. The Lake Bonneville clay deposits are thought to have 
an IR = 50, the value used in this research (8). Another limitation 
of this test is the tendency of the pore pressure element within the 
cone to become desaturated when the cone is pushing through dry 
or dilating granular layers. Constant complete saturation is crucial 
to producing high-quality reliable pore water pressure readings. 
When desaturation occurs, the pore pressure element generally 
resaturates during the dissipation test. However, the data gathered 
between test initiation and resaturation are erroneous because the 

true peak excess pore pressure value is not measured correctly and 
the corresponding time to 50% dissipation may also be inaccurate. 
Finally, dissipation of excess pore pressure occurs over a small area 
and can be heavily influenced by thin drainage lenses, meaning that 
the results may not accurately represent the true macrostructure of 
the soil layer.

For this research, two sets of pore pressure dissipation tests 
were performed at 0.5-m intervals within the Lake Bonneville clay 
deposits at the South Temple site (8), and interpretation of these 
tests followed the Teh and Houlsby method (10). The resulting val-
ues for the horizontal coefficient of consolidation, ch, for the upper 
Bonneville clay layer varied between 22 and 780 mm2/min, with an 
average value of 175 mm2/min, and for the lower Bonneville clay 
layer, ch varied between 13 and 122 mm2/min, with an average value 
of 44 mm2/min (Figure 3). Under the assumption that the maximum 
outliers (two in the upper layer) could be removed from the data set 
because they appeared to have been heavily influenced by porous 
seams, the average value of ch decreased to 114 mm2/min for the 
upper Bonneville clay layer (Figure 3). Dissipation testing was not 
performed in the interbedded Bonneville layer. For this data set, the 
median values were similar to the average values but slightly lower. 
Although average values were used in this research, the use of median 
values might be considered given the tendency for the thin porous 
seams to affect the test results.

When compared with the backcalculated ch values, the dissipa-
tion results were significantly larger, by a factor of approximately 
five and 10 for the lower and upper Bonneville clay layers, respec-
tively. Reduction of the assumed value of IR and a decrease in the 
disparity in the results are possible. However, the value used in this 
research was already on the lower end of the expected range for 
clays, and therefore the results are more likely being influenced 
by adjacent thin porous drainage seams. In addition, removal of 
additional large values may be possible from the data set for those 
tests with results that appear to be influenced by adjacent drainage 
layers, with subsequent reduction in the overall average. However, 
with so much scatter in these data, determining which test results 
can appropriately be removed and which should remain is difficult. 
One approach might be simply to average the bottom third of each  

ch dissipation test

ch data outlier

FIGURE 3  Values for ch from pore pressure dissipation test.
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data set; doing so in this case would decrease the ratio of dissipa-
tion to backcalculated values to factors of two and three for the 
lower and upper Bonneville clay layers, respectively. However, the 
minimum dissipation value measured for each of the clay layers 
in this study is still 1.5 to two times the average backcalculated 
values representing actual drainage behavior. The values measured 
with the dissipation test simply overestimated the actual horizontal 
drainage properties of the soil.

laboratory testing

One of the primary challenges of laboratory testing of soils is the 
difficulty in obtaining minimally disturbed samples in the field. 
Samples for this research were obtained by pushing a Shelby tube 
with a piston sampler, a method shown to provide much less sam-
ple disturbance than conventional methods (12). Despite the best 
efforts to minimize sample disturbance during sample collection, 
handling, transportation, storage, and laboratory testing, some distur-
bance will inherently occur and affect the test results. The perme-
ability of a soil sample is especially sensitive to changes in the void 
ratio and soil fabric. Another inherent issue with laboratory testing 
is the size of the small test specimens, which might not accurately 
represent the macrostructure of the layer. Furthermore, specimen 
preparation tends to use the homogeneous parts of the clay sample, 
potentially introducing a bias toward the least permeable parts of 
the clay layer.

Radial Consolidation Test

The Rowe cell is a laboratory device used to perform one-dimensional 
consolidation testing of soil samples. These devices differ from 
standard laboratory consolidometers in that they include measure-
ment of pore water pressure, drainage control, and application of 
back pressure to the specimen. A Rowe cell may be configured 
to perform consolidation testing with either vertical or horizontal 
drainage, thus providing either the vertical or horizontal drainage 

characteristics of the soil. This research used horizontal drainage 
following the general one-dimensional consolidation test standards 
in ASTM D2435-96, for sampling, specimen preparation, and gen-
eral consolidation test procedures and British Standards Institution 
procedure BS 1377-6 associated with radial consolidation. The 
horizontal coefficient of consolidation, ch, values were obtained by 
using the average of two empirical curve-fitting methods: the plot of 
settlement against the log of time and the plot of settlement against 
the square root of time (8, 13). The method using the log of time 
is probably a more consistent method of interpretation because the 
method using the square root of time is extremely sensitive to the 
location of the line drawn through the linear portion of the early part 
of the curve. However, for more highly permeable materials, the 
primary consolidation portion of the test occurs so rapidly that the 
resulting data do not readily fit the distinct consolidation shape for 
the log of time (backward S). When this rapid consolidation occurs, 
identifying the break between primary and secondary settlement is 
not easy. Therefore, the method using the square root of time is 
still considered a worthwhile tool for estimating the coefficient of 
consolidation (8, 13).

The Rowe cell test was run on 22 specimens from the South 
Temple site for this research, and the horizontal coefficient of con-
solidation, ch, results are shown in Figure 4 (8, 13). As with the 
values from the other methodologies examined in this research, the 
ch values were estimated for the full-height embankment load and 
in essence represented the behavior expected during consolidation. 
These results were therefore obtained by interpolating between 
the load steps in the consolidation test to a ch value correspond-
ing with the equivalent vertical effective stress of the soil column 
and embankment load. Both the upper and lower Bonneville clay 
layers had values apparently influenced by higher permeability lay-
ers that did not seem to represent the overall behavior of the full 
layer (Figure 4). Although shown, these outliers were not used in 
calculating the average drainage behavior for the clay layers. The 
resulting values of ch varied between 9 and 96 mm2/min, with an 
average value of 37 mm2/min, and 4 and 15 mm2/min with an aver-
age value of 9 mm2/min, for the upper and lower Bonneville clay 
layers, respectively.

ch Rowe cell consolidation

ch Rowe cell outlier

ch interbedded clay layers

FIGURE 4  Values for ch from Rowe cell consolidation testing.
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When compared with the backcalculated ch values, the Rowe cell 
results greatly resembled the actual drainage behavior of the Lake 
Bonneville clay layers. With the removal of the single outlier for the 
lower Bonneville clay layer, the average value of 9 mm2/min was 
the same for both methods (Figure 4). With the removal of the single 
outlier from the upper Bonneville clay layer data set, the average 
value for the Rowe cell was three times that of the backcalculated 
value (Figure 4). However, several of the other large data values in 
the Rowe cell results seemed to be heavily influenced by adjacent 
drainage layers. Removing the three additional three large values 
from the data set made the average Rowe cell value identical to the 
backcalculated value, 12 mm2/min (Figure 4). This result implies 
that removal of data appearing to be influenced by adjacent drainage 
layers may be warranted. Furthermore, the lower-end data measured 
with the Rowe cell in this study (excluding the apparent outliers) were 
nearly identical to the actual drainage behavior of the foundation soils 
during consolidation settlement.

Vertical Consolidation Test

A laboratory method commonly used for estimating the horizontal 
coefficient of consolidation, ch, is to run a one-dimensional consoli-
dation test, obtain the vertical coefficient of consolidation, cv, and 
then make an assumption about the relationship between ch and cv. As 
indicated earlier, the permeability in the horizontal direction is often 
greater than in the vertical, and for the Lake Bonneville clay layers, 
the ratio of horizontal to vertical is often thought to be somewhere 
between two and five. Research performed by Ozer (2) measured the 
vertical coefficient of consolidation for the Lake Bonneville clay lay-
ers by using constant-rate-of-strain consolidation testing in the labo-
ratory (Figure 5) (14). Values of cv were obtained at in situ stress, 
between the in situ stress and preconsolidation stress, and beyond the 
preconsolidation stress through the end of the test. Much more scatter 
occurred in the results before the preconsolidation stress was reached 
(Figure 5). The values of cv measured after the preconsolidation stress 
was exceeded best represent the stress levels achieved beneath large 
embankment placement and likewise the controlling rate of consoli-

dation settlement. Therefore, only the cv values beyond the precon-
solidation stress were selected for further comparison in this research. 
The values of cv varied between about 1 and 32 mm2/min, with an 
average value of 12 mm2/min, and 2 and 10 mm2/min, with an average 
value of 5 mm2/min, for the upper and lower Bonneville clay layers, 
respectively. When compared with the results from backcalculation 
and the Rowe cell test, the values of ch are approximately 1.0 and 
1.8 times the values of cv for the upper and lower Bonneville clay lay-
ers, respectively. This difference indicates that the anisotropy within 
the Lake Bonneville clay layers may not be as great as previously 
thought in relation to practical construction application. These results 
also support recent research regarding the ch/cv ratio attributable to 
the smear effect during PV drain installation (15). Although these 
results are specific to the Lake Bonneville clay layers, this type of 
comparison could be useful in establishing the anisotropy relationship 
for other cohesive soils, thus making the vertical consolidation test 
results more readily available for estimating the horizontal drainage 
properties of the soil.

ComParison of ch resUlts

Thus far, three methodologies used to obtain the horizontal coeffi-
cient of consolidation, ch, have been identified and briefly described: 
backcalculation of field data using the Asaoka method, the CPTU 
pore pressure dissipation test, and the laboratory Rowe cell. Each of 
these methods was used to calculate ch values for the Lake Bonneville 
clay layers. The principal purpose of this paper is to compare and 
contrast the results obtained by using these methods. The average ch 
values for the Lake Bonneville clay layers obtained from the differ-
ent methodologies are shown in Figure 6. The average vertical coef-
ficient of consolidation, cv, values obtained from one-dimensional 
constant-rate-of-strain consolidation testing are also shown in Fig-
ure 6. The backcalculated values represent actual field behavior at 
the South Temple site and thus serve as the practical control values 
against which to compare the other methodologies.

This research demonstrated that the ch values obtained in the labo-
ratory with a Rowe cell are quite similar to the ch(e) values obtained 
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through backcalculation with the Asaoka method. However, the val-
ues of ch obtained with the CPTU test for dissipation of pore pres-
sure were significantly higher. While adjacent drainage layers may 
have some influence on Rowe cell testing, the process of selecting 
and preparing clay samples within the laboratory seems to use the 
most cohesive portions of the tube samples and to avoid the use of 
any specimen with silt or sand lenses. In contrast, the test for dis-
sipation of pore pressure appears to be heavily influenced by adja-
cent drainage layers. The testing for dissipation of pore pressure for 
this research was performed strictly on a depth basis as opposed to 
attempting to target specific cohesive layers. Perhaps if more selec-
tive depth targeting had been performed, attempting to avoid edge 
effects from adjacent granular layers, the values might have been 
slightly smaller.

In relation to the practical difference in ch values obtained, an 
engineer will more than likely select a single value for the coef-
ficient of consolidation when performing an estimate of settlement 
time for a clay layer not much unlike the average values presented 
(Figure 6). An engineer may opt to be more conservative and select 
the lower-bound data, but for this research the average values are 
presented. Calculating the time to 98% consolidation on the basis 
of average ch values for the Rowe cell (12 mm2/min) and pore pres-
sure dissipation (114 mm2/min) tests, with triangular spacing for the 
PV drains of 1.5 m, provides quite different estimates of time for 
consolidation in the upper Bonneville clay layer: 201 and 21 days, 
respectively. While an experienced engineer might recognize that 
21 days to 98% consolidation for the Lake Bonneville clays is too 
aggressive, the investigation data still suggest that this is the case. 
This small example is provided simply to demonstrate the impor-
tance of obtaining appropriate estimates of the drainage characteris-
tics of soft soils when estimates of time of settlement are made. The 
unfortunate results of a poor time estimate are construction delays 
that can negatively affect the time and ultimately the cost of con-
struction. Further problems occur when construction progresses too 
quickly and the final structure must absorb the remaining settlement, 
possibly leading to poor performance, high maintenance costs, or 
even premature failure.

The results also indicate that cv values obtained with constant-
rate-of-strain consolidation testing are at or slightly below ch values 
obtained from laboratory Rowe cell consolidation testing and back-
calculation of field settlement data (Figure 6). This research has also 
demonstrated that the anisotropy of the Lake Bonneville clay layers 
may not be as high as previously thought. Having a better understand-
ing of the anisotropy of the Lake Bonneville soils makes it possible 
to use vertical consolidation data more readily in conjunction with 
PV drain design.

ConClUsions

Having a good estimate of the horizontal drainage characteristics 
of the soil is critical for making an accurate estimate of the time of 
settlement for soil treated with the PV drain. This paper compared the 
results from three methods for obtaining the horizontal coefficient of 
consolidation: backcalculation using the Asaoka method, CPTU test-
ing for dissipation of pore pressure, and laboratory Rowe cell testing. 
This research has demonstrated that the Rowe cell testing provided 
results nearly identical to those from actual backcalculated field 
behavior. However, the test for dissipation of pore pressure provided 
results that were five to 10 times as large.

Backcalculation of field data is the most accurate approach for 
obtaining the horizontal drainage characteristics of the subsurface 
soils because the results identify true subsurface settlement behav-
ior. This methodology can be used for calculating an average esti-
mate for the performance of global subsurface settlement or, when 
used in conjunction with magnet extensometer data, estimating the 
settlement behavior of individual layers. Unfortunately, this method 
requires full-scale data on embankment settlement from initial load 
through primary consolidation and is therefore not always practi-
cal, especially during a routine geotechnical soil investigation. This 
method requires making assumptions about the smear effects of the 
soil and the drainage capacity of the PV drains.

Rowe cell testing provided horizontal drainage results that best 
matched actual field behavior when the lower-bound data were 

ch(e) backcalculated

ch dissipation average

ch Rowe cell average

cv CRS test average

FIGURE 6  Comparison of values for average coefficient of consolidation (CRS 5 constant 
rate of strain).
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considered. As with most laboratory tests, it provides a great deal 
of opportunity to introduce disturbance and error between obtaining 
undisturbed samples from the field and performing the test in the labo-
ratory, and caution must be exercised to minimize unnecessary error. 
Although the results exhibited some minor scatter, thus demonstrating 
the variability of the soil, in this case the lower-bound data provided 
the most accurate representation of the controlling behavior of the 
macrofabric of the entire soil layer. The standard one-dimensional 
consolidation test is a more commonly performed laboratory test, 
which can be used effectively if the relationship between the hori-
zontal and vertical drainage characteristics is readily understood.

The pore pressure dissipation test can be performed quickly and 
economically during routine CPTU subsurface exploration. How-
ever, the results for this methodology were significantly larger than 
the values obtained in the laboratory or from actual field data. This 
methodology requires an assumption about the rigidity index of the 
soil. Although the value used in this research (IR = 50) is already 
on the lower end of the range expected in clays, decreasing this 
value decreases the disparity in the results. However, the results are 
probably more like to be heavily influenced by adjacent subsurface 
drainage layers.

The ultimate goal in selecting design parameters from any of 
these methods is to provide realistic, practical estimates of time of 
settlement. This research suggests that the more conservative values 
obtained by using backcalculation of magnet data and Rowe cell 
testing best matched actual field behavior. The Rowe cell is not used 
much within the United States, but it is an effective laboratory tool 
that should get more use in obtaining horizontal drainage design 
parameters. The CPTU test for dissipation of pore pressure is the 
most common of the three methodologies because of its simplicity 
and availability. However, as this research has shown, the results 
from this test varied greatly, tended to be heavily influenced by 
adjacent drainage layers, and were significantly higher than actual 
field behavior. Users should exercise prudent judgment in selecting 
design values with this methodology.
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