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ABSTRACT

In recent years, several studies [2, 5] have shown the SASSI subtraction method (SM) may
produce spurious results, particularly when applied to wide shallow embedded foundations when
compared to the more rigorous SASSI direct method (DM). As a consequence, SASSI developers have
provided specific conditions [4] relative to the use of the SM 1) it must be recognized that the SM is an
approximate method with its limitations, 2) the limitation can be effectively removed by using additional
interaction nodes, hence the term extended subtraction method (ESM), in the excavated soil volume. With
this approach the number of interaction nodes increases but the solution remains very efficient when
compared to the DM. This paper presents benchmark problems, developed using the response of a rigid
massless cylindrical foundation to vertically propagating shear (SV) waves on a uniform halfspace,
similar to that found in the SASSI User’s Manual [4]. Results compare the DM, SM, and ESM against
Day’s theoretical solution [1] using a dimensionless frequency parameter, a,. Results are also presented
for a case study of a large embedded foundation representative of a structure at the Savannah River Site
(SRS). The results illustrate the use of dimensionless frequency a, to estimate the frequency range at
which the SM or ESM will produce acceptable results.

BACKGROUND AND OBJECTIVE

The SASSI computer code [4] was developed in the early 1980’s to solve seismic Soil-Structure-
Interaction (SSI) problems and has become used by the nuclear industry for SSI analysis. The original
version of SASSI used the “direct method” (DM) for embedded structures. The DM requires each soil
node in the excavated volume of the soil be an interaction node. In 1998, an alternative solution method
was introduced for solving SSI problems — the “subtraction method” (SM). For the subtraction method,
only perimeter or “skin” nodes in the “excavated soil volume” are considered interaction nodes. Reducing
the number of interaction nodes significantly reduces the computer run time required for the solution.

Recent investigations [2, 5] indicate there are limitations to the more approximate SM, because
the excavated soil volume, restrained by the smaller set of interaction nodes in the SM, has its own natural
modes of vibration.

The objective of this study is to examine this limitation of the SM and the improvement in the
solution beyond its limitation by using additional interaction nodes, termed the Extended Subtraction
Method (ESM). Results from Day’s theoretical solution [1], the DM, the SM, and the ESM are compared
using a dimensionless frequency parameter a, as defined in Equation (1):

27fR
a, V. 1)
where f is excitation frequency, R is the radius of the excavated soil volume, and Vs is the shear wave
velocity of the excavated soil.
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Benchmark problems are developed using the response of a rigid massless cylindrical foundation
to vertically propagating shear (SV) waves, similar to that found in the SASSI User’s Manual [4]. Results
of the benchmark problems are compared to results for a case study of a large embedded foundation
representative of a structure at the Savannah River Site.

MODEL DESCRIPTIONS
Structural Models

Three SASSI models, summarized by Table 1, are developed representing embedded rigid
massless foundations. A fourth model, also summarized in Table 1, is developed to be representative of a
structure at the Savannah River Site with a deep embedment and a large footprint. Model 4 consists of a
box representing the below grade portion of the structure and a simplified stick model representing the
above grade portion. The model was developed using standard engineering procedures following
guidelines in ASCE 4. Models are shown graphically in Figure 1. Each model is analyzed using the DM,
SM and ESM in SASSI resulting in 12 SASSI analysis cases.

Interaction nodes are chosen as appropriate for the different solution methods. For the ESM, an
additional horizontal plane of interaction nodes is defined at the middle of the excavated volume. Table 2
compares the number of interaction nodes between the models, which is a key parameter in determining
the time required to evaluate each frequency.

Table 1 SASSI Model Characteristics

Total # of
Model Radius (ft) Embedded # of Embedded Total # of structural
Depth (ft) Layers nodes
elements
Model 1 65 325 2 117 88
Model 2 65 325 4 479 320
Model 3 65 65 4 479 320
Model 4 150 x 150 50 5 2522 1125
rectangle

Table 2. Number of interaction nodes used in SASSI models

?\223?33 Model 1 Model 2 Model 3 Model 4
DM 117 390 390 1536
SM 71 184 184 556
ESM 90 288 288 752
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Figure 1. SASSI cylinder models and box model
Soil Models

The SASSI soil model for Models 1, 2, and 3 consists of soil layers identical in height to the
structural model and a half space below. The half space is modeled by an additional 10 layers with
varying thicknesses as a function of frequency and a viscous boundary base. The shear wave velocity, V
is a constant 2000 ft/s and the P wave velocity is a constant 3461 ft/s for Models 1, 2, and 3. The
maximum passing frequency (for Models 1, 2, and 3 is V¢/5h = 2000 ft/s/(5x17-ft) = 23.5 Hz.

The SRS soil profile is used in Model 4. Figure 2 compares the SRS high strain vs. low strain best
estimate soil profiles. The SRS profile is approximately 1000 ft deep with shear wave velocities that
increase from about 1350 ft/s at the surface to 2400 ft/s at the bottom of the soil column. For the SRS site,
an iterative one dimensional soil column analysis is performed using the computer program SHAKE [3]
to obtain high strain properties. Shear wave velocities and soil element layer thicknesses were selected so
that the maximum frequency able to be passed (Vy/5h) is 24.8 Hz. The top four soil layers are 10 ft thick
to match the embedded structural model. Below the structure 38 layers are modeled to a depth of 500 ft.

For the purposes of this paper, an SRS target spectra is used for all four models. Figure 2 also
shows the target spectra and resulting spectra from the matched acceleration time series used for analysis
of all models.
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Figure 2. SRS site specific info

RESULTS AND DISCUSSION

For Models 1, 2, and 3, harmonic transfer functions due to vertically propagating SV waves are
plotted for the node at the center of the base of the model against dimensionless frequency, a,. Day’s
solution is also calculated using H = 32.5/65 = 0.5 (Models 1 and 2) and H = 65/65 = 1.0 (Model 3). The
results are shown in Figures 3 thru 8. It is noted that the maximum cut off frequency of 23.5 Hz
corresponds to an a, of 4.8. This is noted in the transfer function figures as the limit of accuracy. Several
observations are made from these figures. The DM matches very closely to Day’s theoretical solution as
expected. The SM matches the DM up to an a, of approximately 3.0. This agrees with the
observations/recommendations made in the SASSI 2010 User’s Manual [4]. The use of the ESM is
observed to increase the accuracy of the solution, when compared with the DM, up to an a, of 4.0 for
Model 1 (Figure 3) and a, = 4.8 (limit of accuracy) for Models 2 and 3 (Figures 5 and 7). In-structure
response spectra (ISRS) are also shown for a node at the center of the base to illustrate for these
particular problems the SM divergence has little impact on the ISRS.

For Model 4, representative of the SRS structure, a, cannot be directly calculated since the model
is rectangular and V; varies with depth. However, a, can be approximated by using an equivalent radius
(84.6 ft) and the average Vs (1203 ft/sec) over the depth of the embedded model. The results, shown in
Figurel0, indicate that as the benchmark problems suggest, the SM produces acceptable results
(compared to the DM) up to an a, = 3. The ESM is observed to produce results in agreement with the DM
up to an a, = 8.0 in this case.

An ISRS at the base of the stick is presented in Figure 9. In this case, the SM produces
conservative results. However, as mentioned previously, due to additional variables involved (input
ground motion, soil column etc), care should be taken in extrapolating the ISRS results to other problems.

It was observed that for Model 4, run times for the SM and ESM are approximately 90% and 60%
less, respectively, when compared to the DM thus illustrating the primary advantage of these methods
over the DM. However, the shorter run time is countered by a lack of accuracy at higher frequencies as
illustrated in the results discussed above.
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CONCLUSIONS

The results presented in this study illustrate how, based on the solution method chosen, there is a
tradeoff between run times and accuracy in SASSI. This is to be expected as the SM is an approximate
solution of the DM. For the ESM, as the number of interaction nodes in the ESM are increased
(approaching the number in the DM) the solution should approach that of the DM. While only a single
data point for the ESM was used in this study, this point is still illustrated in the results.

From the results shown in this study for both benchmark problems and a case study representing a
structure at SRS, the SM is accurate to a, = 3.0, in agreement with the guidance provided in the SASSI
2010 User’s Manual [4]. The ESM is shown to produce accurate results to a larger a, (and thus
frequency). This guidance is useful in assessing the solution method to be used when developing a SASSI
model.

The various examples and the site specific model used in this study demonstrate that solutions
with acceptable engineering design accuracy can be obtained using the more efficient ESM in SASSI. The
number of interaction nodes used in the ESM is much smaller than the number of interaction nodes used
in the DM. The additional nodes in the ESM (as compared to the SM) can be applied in various forms
and further studies will be performed to evaluate a more optimum approach for introducing the additional
interaction nodes.
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Figure 3. Model 1 Translation Response due to Vertically Propagating SV-Waves, H=0.5
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Figure 4. Model 1 ISRS at Node 1 due to Vertically Propagating SV-Waves, H=0.5
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Figure 5. Model 2 Translation Response due to Vertically Propagating SV-Waves, H=0.5
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Figure 6. Model 2 ISRS at Node 1 at base due to Vertically Propagating SV-Waves, H=0.5
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Figure 7. Model 3 Translation Response due to Vertically Propagating SV-Waves, H=1.0
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Figure 10. Model 4 ISRS of Box at base of stick due to Vertically Propagating SV- Wave



