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ABSTRACT

Shear wave velocity (V;) testing of soils and rock has increased over the years due to analytical
needs and because advances in data acquisition and measuring systems have evolved to the degree where
they have almost become state of the practice. For the nuclear industry, it has taken on an even more
significant role due to the fact that, for some technologies, foundation subsoils now have a minimum V
requirement of 1,000 ft/sec (305 m/sec) at the foundation level of the nuclear island. This requirement can
become a challenge when the foundations bear on compacted, engineered backfill, which cannot be tested
in situ prior to construction. Thus, it is important to have a high degree of confidence that the backfill
(where the selection can occur long after regulatory document approval) can be placed and compacted to
achieve the V; requirement. This confidence can be accomplished through laboratory testing with
resonant column and/or combined resonant column/torsional shear testing methods along with
construction of test fills to measure V; in situ. The laboratory and field approaches are described herein.
Suggested correlations to predict the V; of compacted granular fills are also presented. In addition, results
from sites where V has been measured in compacted fill are presented, compared and contrasted using
various predictive methods.

INTRODUCTION

When heavy structures are to be constructed on backfill, it is typical to specify cohesionless
materials, either available locally at a site or processed materials from nearby quarries. For nuclear power
facilities, it has become typical to develop engineering properties based on: (1) laboratory testing of
reconstituted samples and (2) historical correlations relating compactive effort and engineering properties
of granular soils. It then becomes routine to carry out quality control testing of the backfill soils in terms
of material (gradation) and density (compaction). Recently, however, the United States nuclear industry
has specified a minimum shear wave velocity (V) for the compacted backfill below foundation(s) for the
nuclear island structures. In the United States, a value of 1,000 ft/sec (305 m/sec) at the level of the
foundation (and below) has been used as the minimum V; required.

Unlike compaction tests, which can be done relatively quickly as the backfill soils are placed,
there is no quick field test that can be used to assess V during placement, particularly when the in situ Vj
is affected to a very large degree by the confining pressure. Thus, quality control during backfill
construction becomes an issue as the final V, cannot be measured until the backfill is in place. Then it
requires a specialty subcontractor as many quality control organizations are not equipped or experienced
in acquiring and interpreting V, data. Estimates can be made based on field trials and laboratory testing;
however, there is still a risk that material placed may not meet the minimum established requirements.
Thus, it is important that reliable estimates, a priori, can be made.

In this paper, the results of shear wave velocities determined from laboratory testing are presented
and compared with predictive equations. The predictive equations are further compared to actual field
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tests at three separate sites. The results are summarized in a series of comparative plots, followed by
recommendations to estimate V, profiles of compacted backfills.

COMPACTED BACKFILL MATERIALS

The use of materials for compacted backfill was evaluated for five projects in the eastern half of
the United States. Three of these projects were located in the Coastal Plain physiographic province,
specifically in Georgia, South Carolina, and Maryland. The subsurface profile at these sites was
predominantly sandy but contained typical Coastal Plain sediments. Compacted backfill at these sites was
intended for both foundation fill and side fill. The two remaining projects were located in the Valley and
Ridge and Appalachian physiographic provinces, respectively, specifically in Tennessee and Alabama.
The subsurface profile at these sites consisted of residual soils overlying weathered and hard rock.
Compacted backfill at these sites was intended for side fill as the critical facilities would bear on rock.

The sources of backfill material varied at each project site. Materials designated as natural or in
situ were taken from borrow pits, whether on-site or off-site, and used directly, without manipulation of
the material (with the exception of moisture content). Materials designated as processed (crushed rock)
were manufactured at nearby quarries to a prescribed gradation as either sand or gravel. The source rock
at these hard-rock quarries varied from gneiss and gabbro in Maryland to granite in Georgia to limestone
in Alabama.

At the Georgia site, both natural and manufactured backfill materials were evaluated. Natural
materials were taken from on-site and off-site borrow pits and consisted of fine to medium sand.
Processed materials consisted of well-graded sand.

At the Maryland site, the backfill materials were processed gravel. Three distinct gradations were
evaluated: crusher run aggregate (CR6), graded aggregate base (GAB), and coarse aggregate underdrain
No. 57 (No. 57 stone). GAB and CR6 are common gradations used for road-base fill in Maryland. No. 57
stone is a poorly graded gravel used primarily as a drainage medium. At the Tennessee and Alabama
sites, the backfill material was manufactured, well-graded sand and fine gravel.

Backfill materials from eight sources were evaluated for these five projects. Samples of the
various materials were tested in the laboratory to determine index properties. These tests included grain
size distribution (ASTM C136, ASTM D422), specific gravity (ASTM D854), modified Proctor density
(ASTM D1557), and minimum and maximum index densities (ASTM D4254 and ASTM D4253). Note
that the manufactured gravels contained particles sizes greater than 0.75 inch (19 mm). Due in part to the
dimensions of the test specimen for dynamic testing, as discussed below, these gravels samples were
scalped to remove the larger particles. Index and density testing was also conducted on the scalped
samples. Void ratios were calculated from test results. Materials were classified according to the Unified
Soil Classification System (USCS) (ASTM D2487). The results for the eight sources are summarized in
Table 1. Figures 1 and 2 show the results of the grain size analyses for the fine to medium sands and
coarse sands and fine gravels, respectively.

LABORATORY VELOCITY MEASUREMENTS

Samples of the various materials were tested in the laboratory to determine the effects of
confining pressure and shear strain on the dynamic properties: shear modulus and material damping. The
testing was carried out at more than one laboratory and consisted of resonant column (RC) and combined
resonant column/torsional shear (RCTS) testing. Although the testing was done at more than one facility,
the procedures and testing devices were essentially the same, consisting of a large-scale, free-free
torsional RC device (for the larger materials) and a conventional fixed-free combined RCTS device,
which was used to test the sands. Samples were generally compacted to densities between 95% and 100%
compaction (ASTM D1557). Additional testing was also done on materials compacted to relative
densities from about 70% to more than 100%. Table 1 summarizes the pertinent properties and parameters
for each sample tested.



22™ Conference on Structural Mechanics in Reactor Technology
San Francisco, California, USA - August 18-23, 2013
Division VI

This paper focuses on the relationship between isotropic confining pressure and V determined in
the laboratory at small strains (in the elastic range). The small-strain shear modulus (Gy.x), evaluated
from the laboratory tests, is calculated through the relationship:

Gmax = (g) Vs2 (1)

Table 1: Summary of Laboratory Test Results
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Figure 1: Grain Size Distribution, Sources 1, 5, 6, 7, and 8
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Figure 2: Grain Size Distribution, Sources 2, 3, and 4

In Equation (1) G, is the small-strain dynamic shear modulus, y is the moist or saturated unit
weight of the soil, V; is the shear wave velocity, and g is the acceleration of gravity. The corresponding
depth in the field is calculated by converting the isotropic confining pressure from the laboratory test to a

mean effective stress in the field via:
1+2k,

0y = 0y 3 ) (2)

where o, is the cell pressure in the laboratory, ¢, is the effective vertical stress in the field, and &,
is the at-rest earth pressure coefficient in the field. The results are then converted to depth based on the
total unit weight of the soil.
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Values of k, of 0.5 (commonly used for normally consolidated conditions) and 1.0 (assumed for
an overconsolidated state) were evaluated. The V, evaluated under £, = 1.0 conditions results in an
approximately 10% greater value than Vs computed under &, = 0.5 conditions at the same depth. The
10% increase stems from ', at a given depth being 50% greater when k, = 1.0 and since V, ~ (c,)"*, the
increase would be 1.5"* ~ 1.10. Actual k, in the field is most likely between these two values.

The V, data are shown in Figures 3a and 3b for the fine to medium sands, and the coarse sands
and fine gravels, respectively. The data in Figures 3a and 3b show that: (1) the coarse sands and fine
gravels have a higher V at a given depth than the fine to medium sands and (2) the coarse sands and fine
gravels exhibit more scatter and are not as consistent as the fine to medium sands. In both figures, the
best estimate data indicate that the requirement of 1,000 ft/sec (305 m/sec) minimum Vj is generally
achieved at depths of 40 ft (12 m) or shallower.

The data were further segregated by the compactive effort. Figures 4a and 4b show the V| profile
for fine sands at compactive efforts of less than 97% and greater than or equal to 97% of ASTM D1557,
respectively, while Figures 5a and 5b show the same for the coarse sands and fine gravels.
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Figure 3a: Laboratory-determined V;Data, Figure 3b: Laboratory-determined V Data,
Fine to Medium Sand Fine Gravel

Figures 4a through 5b further demonstrate that, based on the laboratory data, higher velocities can
be achieved using coarse sands and fine gravels rather than the fine to medium sands. However, the
gravels in Figures 5a and 5b have a larger variation in V; at a given depth which is most likely a result of
the wider range in grain sizes (hence larger C, and Dsj) and the difficulty of controlling the compactive
effort in the laboratory, particularly with the relatively small samples. Based on the best estimate data, it
is clear that in the case of the fine to medium sands, the minimum V; of 1,000 ft/sec (305 m/sec) was
achieved at a depth of about 40 ft (12 m) and for the coarse sands and fine gravels, at a depth of about 15
ft (4.6 m).

Based on the best estimate data presented in Figures 3a through 5b, gravels will result in higher
velocities than sands on the order of 1.25 to 1.3 at depths of 20 to 40 ft (6 to 12 m), but will have a larger
variation at a given depth (about 25% to 30%) compared to sands (about 10% to 20%).
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VELOCITY PREDICTIONS

There are numerous methods in the literature that have been developed relating V, with various in
situ tests, many of which relate V; to standard penetration test (SPT) N-value and cone penetration test
(CPT) tip resistance. However, using either one of these parameters without accounting for the
overburden pressure will lead to erroneous results.

In the many studies conducted by Hardin and Drnevich (1972), the authors concluded that the
mean effective principal stress, among other things, was a primary factor affecting shear modulus. They
concluded with the following expression to estimate Gy, (Go):

(2.973-e)? 7
Gnax (ksf) = 14,760 - =——"=(0CR)* - \Jo}, (3)

where, e is the void ratio, OCR is the overconsolidation ratio, a is a parameter that depends on the
plasticity of the soil, and o', is the mean effective principal stress in pounds per square foot (psf), and
Gmax 18 in units of kip (1,000 pounds [454 kg]) per square foot (ksf). At about the same time, Seed and
Idriss (1970) came to similar conclusions and proposed a somewhat simplified equation to determine
Ginax:

Gmax(psf) = 1,000 - K5 - vV arln 4)

where, K, was termed a soil modulus coefficient that expresses the influence of void ratio, strain
amplitude, and OCR on G, Where Gax and ¢’y are in pounds per square foot (psf). In each of these,
the low-strain shear modulus is directly related to the mean effective principal stress raised to the 0.5
power.
In a later publication, Seed and his colleagues (1984) related V, to SPT Ny and depth through the
following:
Ve =220 N&'7 - D2 ()

where, D is the depth in ft, and Vj is in units of ft/sec. Damm et al. (2010), utilizing a subset of
the data included herein, concluded that this equation worked reasonably well if the exponent of D was
raised to about 0.3 for depths of about 20 ft and less. Note that for this paper the Ngo value used is as
given in Equation 5, and is not converted to (N;)eo to stay consistent with the original equation (Seed et al,
1984) as it relates to depth.

In the above relationships, there is no specific parameter that accounts for grain size
characteristics, except how the grain size affects void ratio and unit weight, and how each of those would
affect SPT data. In 2003, Menq (2003) developed a relationship that related Gy,,x with the isotropic
effective confining pressure (G’,), void ratio (e), mean grain size (Dsg), and the coefficient of uniformity
(C,). Menq (2003) concluded that the primary influence on G, was due to confining pressure, followed
by void ratio and mean grain size; G, increases with increasing confining pressure, Ds), and C,, and
with decreasing void ratio (increase in unit weight). The resulting relationship is:

ng

Gmax = Cas * CE1 e (22) (©6)

where undefined terms are:
Cg; 1s a constant, 67.1 MPa (1,400 kips/ftz),
bl is a constant, -0.20,
x equals -1-(Ds0/20)"7,
ng equals 0.48(C,)"”, and

P, is the reference stress in the same units as the isotropic confining pressure.
Note that G« is also in the same units as the isotropic confining pressure.
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For prediction purposes, Equations 3, 4, 5, and 6 are used. The data given in Table 1 were divided
between fine sand (Sources 1, 5, 6, and 7) and coarse sand/fine gravel (Sources 2, 3, and 4). Each of the
above relationships are compared and contrasted with the best estimate of the laboratory RCTS results for
each group. Note that Source 8 is not included here as there were no RC or RCTS tests carried out for the
backfill materials. However, Source 8 is discussed under Field Velocity Measurements.

The V, comparisons were carried out using the average parameters (e, Dsy, C,, %,) from each of
the two groups defined above (fine sand and coarse sand/fine gravel) to compute G, and then converted
to Vs. For Ngo, a mean value of 43 was used for Sources 1 and 8. Note that the data on the following plots
are shown to a depth of 100 ft (30 m). In doing so, it is assumed that the all data reported herein are
applicable. This may or not be the case; for example, there may be subtle changes in N, void ratio and/or
unit weight with depth that have not been accounted for when assuming mean values. The comparisons
are shown in Figures 6a and 6b for the fine sands as well as the coarse sands and fine gravel, respectively
to a depth of 100 ft (30 m), although most projects have backfill depths much less.
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Figure 6a: V, Profiles Predicted for Fine Sands Figure 6b: V; Profiles Predicted for Coarse Sand
and Fine Gravel

Figures 6a and 6b show reasonably good comparisons between the laboratory derived V, and the
predicted V; based on the four relationships (Equations 3, 4, 5, and 6) presented. However, both Menq
(2003) and Seed et al. (1984) are on the conservative side but still within the data variation. Hardin and
Drnevich (1972) and Seed and Idriss (1970) show good correlation with the best estimate data. All
predictive methods tend to underpredict at depths greater than about 30 ft (9 m).

Figures 7a and 7b show the same data given in Figures 6a and 6b but with slight modifications
made to the Seed et al. (1984) predictive method. In the case of the fine sands (Figure 7a), Equation 5
predicts the measured velocity very well, with the depth exponent increased from 0.2 to 0.23. In the case
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of the coarse sand and fine gravel, increasing the depth exponent from 0.2 to 0.3 and arbitrarily assuming
an N-value for the gravel of 50 results in very good correlation as well.

FIELD VELOCITY MEASUREMENTS

Field velocity measurements in compacted backfill were taken at three sites: Georgia, South
Carolina, and Alabama. The predicted shear wave velocities for all three sites are compared to the
measured field Vs shown on Figures 8a, 8b, and 8c.

At the Georgia site (Source 1), the backfill consisted of natural fine to medium sand. Field
velocity measurements were made in an initial 20 ft (12 m) deep embedded test pad and subsequently
during production backfilling of the nearly 90 ft (27 m) deep excavation. Field measurements included
spectral analysis of surface waves (SASW) and seismic crosshole testing (ASTM D4428). The test pad
was constructed using materials and methods anticipated for production backfill. SASW was conducted at
four levels during construction, and crosshole testing was conducted at final grade (top of the test pad).
Results compared favorably with predicted values based on RCTS testing and are presented in Figure 8a.
During production backfilling, the backfill materials were more variable (gradation and density) than
those used in the test pad, and the placement and compaction methods varied somewhat from the methods
used in the test pad. SASW testing was conducted at four levels of production backfilling. Average
SASW results after 50 ft of backfill was placed compared favorably with the test pad results and
laboratory testing and are presented in Figure 8a. Further, the results for Source 1 the Menq (2003) and
the K, (Seed and Idriss, 1970) relationships are consistent with one another, but predict the measured
velocity on the conservative (low) side. The modified Seed et al. (1984) N-value relationship (Ngo = 43,
based site-specific SPT energy measurements) appears to predict the measured velocities near the mean of
the measured data.
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At the South Carolina site (Source 8), the backfill consisted of natural fine to medium sand,
compacted to a minimum of 95% of ASTM D1557. The fines content was restricted to a maximum of
15% passing the number 200 sieve. Field measurements included seismic crosshole testing and downhole
seismic testing using a seismic piezocone penetrometer (SCPT,). The measurements were taken in
backfill placed around an embedded structure, which had already been constructed. No laboratory RC or
RCTS testing was carried out for this material. Similar to Source 1, the Menq (2003) relationship predicts
the measured velocity on the conservative side. On the other hand, both the K, (Seed and Idriss, 1970)
and modified Seed et al. (1984) N-value relationship (Ng = 43, based on site-specific SPT energy
measurements) appear to predict the measured velocity near the mean or median of the measured data.

At the Alabama site (Source 4), the backfill consisted of processed gravel. Field velocity
measurements were made using SCPT, and downhole P-S suspension methods. The backfill, about 40 ft
(12 m) thick, had been placed as side fill around a structure in the 1980s. Field measurements compared
favorably with laboratory RCTS data, and the field measurements resulted in V, of 1,000 ft/sec (305
m/sec) being consistently achieved at depths greater than about 18 ft (4.6 m), as presented in Figure 8c.
Similar to Sources 1 and 8 above, the Menq (2003) relationship predicts the measured velocity on the
conservative side. In addition, the modified Seed et al. (1984) and K, (Seed and Idriss, 1970) N-value
(Ngo = 50) relationships are consistent with one another; however, they too predict the measured velocity
on the conservative (low) side. This difference may be an indication of the increased variability of the
coarse sands and fine gravels and the fact that the predictive procedures are more appropriate for sands
than gravels, but more comparisons would be helpful.

In the case of the fine sand data, Sources 1 and 8, the results appear very consistent with one
another, with measured velocities exceeding 1,000 ft/sec (305 m/sec) at depths of about 15 to 20 ft (4.6 to
6.1 m). Both the Menq (2003) and the K, (Seed and Idriss, 1970) relationships are on the conservative
side when compared to the measured data; however, the modified Seed et al. (1984) N-value relationship
appears to predict the measured velocities well.
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CONCLUSIONS AND RECOMMENDATIONS

Data have been presented that show the relationship between V; determined from laboratory tests
and measured in the field. The results show that, for granular materials, field measurements and
laboratory determinations using RC and combined RCTS tests give comparable results. Laboratory results
can be used to conservatively estimate V; in the field for engineering purposes.

V; varies with the type of material and the compactive effort. When placed to similar compactive
efforts, gravels will have higher shear wave velocities than sands, on the order of 1.25 to 1.3 at depths of
20 to 30 ft (6 to 9 m). However, gravels have been found to exhibit higher variability than sands, 10% to
20% for sands and 20% to 30% for gravels.

Seed et al. (1984) suggest that the value of K, for dense, well-graded sands range from about 55
to 80 and from 80 to 180 for well-graded gravels. Further, the Seed study concludes the ratio of Kjgrayel to
Kysana ranges from about 1.35 to 2.5. For the data presented herein, this ratio is about 1.8.

All predictive methods presented herein worked reasonably well. However, each requires
different parameters that, depending on what stage the project is in, may dictate what method is used. For
example, in the early stages when no specific backfill data are available, the Seed and Idriss (1970) study
would be appropriate with a reasonable assumption for K,. On the other hand, if backfill sources have
been identified and testing carried out, then the Hardin and Drnevich (1972) and Menq (2003) studies can
be used to make conservative estimates of the V; profile. If SPT N-value data are available, then the Seed
et al. (1984) relationship can be used as is or with slight modifications to the exponent on depth, as
described herein.

However, with the equipment and procedures in place today, there is no substitute for in situ
velocity measurements at any site. For intrusive measurements, downhole seismic methods (suspension
logging or SCPT, measurements) are less expensive than the crosshole method; however, these intrusive
methods provide localized V; measurements. For non-intrusive testing, which sample larger volumes
than the aforementioned intrusive methods, the authors have used the SASW method extensively. Non-
intrusive surface wave methods (e.g. SASW) are especially well-suited to testing existing sites where
access to drilling and sampling is restricted and/or there is contamination.
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