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ABSTRACT

Independent Spent Fuel Storage Installation (ISFSI) primary structure is the reinforced concrete pad (or
basemat) that is used to support the horizontal storage modules (HSM’s). The weight of the HSM’s
containing fully loaded Dry Storage Canisters (DSC’s) must be carried by the pad during a design life of
20 years with 40 years life extension utilizing age management and inspection program. Classical
calculation of settlement due to consolidation using stress increase estimated by Westergaard or
Boussinesg methods, do not account for the stiffness of the pad. This paper describes the process in which
the pad is analyzed accounting for both consolidation and the standard Finite Element Analysis (FEA) of
slab on elastic foundation. The method utilizes iterations and accounts for the coupling effect of applied
load and the settlement of nearby Winkler springs.

INTRODUCTION

Independent Spent Fuel Storage Installation (ISFSI) primary structure is the reinforced concrete pad (or
basemat) that is used to support the horizontal storage modules (HSM’s) surrounded by an approach slab.
The weight of the HSM’s containing fully loaded Dry Storage Canisters (DSC’s) must be carried by the
pad during a design life of 20 years with 40 years life extension utilizing age management and inspection
program. If the soil layers underneath the pad consist of sand or rock, settlement will only be an initial
settlement immediately after the load is applied.

However, a thick zone of lower strength lean clay and silty clay below the water table will have a
limited short-term settlement but will experience appreciable long term settlement due to consolidation of
the soil. Water-filled pore spaces take up the initial structure load, however during consolidation, the
pressure will start to expel the water from the layer and thus the pore pressure diminishes while the soil
particles occupy the space of the evacuated water in a denser configuration. The consolidation manifests
itself by settlement at the surface.

Classical calculations of settlement due to consolidation using stress increase estimated by
Westergaard or Boussinesq methods do not account for the stiffness of the pad. That is, the pad is
assumed flexible. On the other hand, since consolidation is time dependent process, it does not lend itself
for 3D finite element modeling of the structural system (pad and soil layers) using available structural
software since the consolidation behavior of deep soft soil layer is not easily modeled.

Pan et. al (2017) assumed the Winkler method of uniform modulus of subgrade reaction and
using the governing equations of beam on elastic foundation utilizing finite difference method. The
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Winkler method idealizes the subgrade boundary condition as a uniform system of independent springs

having a linear stiffness related to the coefficient of subgrade reactions. This method does not account for

the coupling effect of the springs, i.e., a concentrated load directly above one spring produce settlement at

the spring as well as nearby springs. Several methods have been suggested to account for this coupling by

varying the coefficient of subgrade reactions underneath the pad. ACI 336.2R provides several

approaches including (a) dividing the basemat into central, interior and exterior zone with 3 values of Ks,

or (b) doubling the exterior springs. This paper describes the process in which the pad is analyzed

including the expected settlement under each region of the pad considering the stiffness of the
pad and resulting pressure distribution.

PROJECT DESCRIPTION

The Duane Arnold Energy Center pad 2 was designed to hold up to 34 HSM’s housing NUHOMS
61BTH Type 2 Dry Storage Canisters, Figure 1. The proposed basemat is 176’ long by 43°4” wide. The
HSM’s are placed back-to-back in an array of two rows by 17 long, Figure 2. The basemat is 36 thick
heavily reinforced concrete. The combined weight of a loaded HSM is approximately 440 Kips and the
end shield wall is approximately 89 Kips.
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Figure 1. General Arrangement of HSMs
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Figure 2. Fully Loaded Pad (34 HSM’s) with 3 Shield Walls
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The design settlement criteria is the maximum settlement is 6” and the maximum differential
settlement is 0.25 in/10ft.

GEOTECHNICAL EVALUATION

Field Exploration

The borings were performed with a Central Mine Equipment truck-mounted (CME-75) rotary
drill rig using continuous flight, hollow-stemmed augers and/or a mud rotary procedure to advance the
boreholes. Samples were obtained using either thin-walled tube or split-barrel sampling procedures.
Upon encountering bedrock and refusal-to-drilling conditions in the boring performed on the southern end
of the basemat, the boring was advanced about 10 feet using N size rock core barrel.

Groundwater levels were observed during sampling. A temporary piezometer was installed in the
boring performed on the northern end of the basemat, and delayed water level was observed
approximately 4 days after completion of drilling.

Based on the results of the soil borings, the general subsurface profile on the site consists of
surficial crushed limestone (gravel surfacing) underlain by very soft to medium stiff loess (silty clay and
clay) deposits to depths of about 42 to 43%: feet below ground surface. The loess deposits are underlain
by glacial fluvial (stiff to hard sandy fat clay and medium dense to dense clayey/silty sands) to depths of
about 52% to 55 feet below ground surface. The glacial fluvial deposits are underlain by stiff to very stiff
glacial till (sandy lean clay) to depths of about 90 to 94% feet below ground surface. Residual sandy silt
was encountered below the glacial till in some borings to depths of about 95% to 96 feet, and is underlain
by limestone bedrock. A generalized soil and groundwater profile of the site is shown in Figure 3 below.

The very soft to stiff clay layer that will be subjected to consolidation extends ffrom depths of
4%5 ft to 44%: ft below the surface for a total thickness of 40 ft.
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Figure 3. Generalized Soil and Groundwater Profile
Laboratory Testing

Moisture content and index testing was conducted to help characterize and stratify the soil layers, and
consolidation testing was conducted on samples of each compressible layer to aid in settlement analysis
and estimation of subgrade moduli.

STRUCTURAL EVALUATION

The HSM’s which are not attached to the pad (i.e. free standing) are required to function at set limits of
total and differential settlements. However, consolidation of a thick layer of soft silt or clay needs to be
properly evaluated. The pad on grade is analyzed using finite element (FE) plate/shell elements (for the
pad) with linear springs using the coefficient of sub-grade reaction for the soil. This modeling and the FE
analysis imply that the soil settlement is only dependent on the spring property and reaction under a
specific node and not on the reactions on the nearby nodes. The long term settlement at any point is based
on the amount of consolidation which is dependent on the pressure applied on the area as well as the
pressure applied on adjacent areas. The pressure as well as settlement on any area of the pad is also
dependent on the flexibility (or stiffness) of the pad as it deflects under the load.
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A constant coefficient of subgrade reaction (subgrade modulus) will not produce the behavior

described above. The pad was analyzed utilizing an iterative method in which an initial value of the

coefficient of subgrade reaction is obtained under each subarea of the pad using the pressure distribution

from the finite element analysis of the previous iteration. Applying classical geotechnical methodology,

the pressure increase at the center of a soil layer is obtained and thus the amount of consolidation in that

layer is predicted. The total consolidation for the soil layers in a column is summed up to obtain the

settlement underneath the specific area (node). From this settlement and the pressure a new coefficient of

subgrade reaction is obtained. The cycle is repeated until the change in the coefficient of subgrade
reaction under each area converges.

Geotechnical Analysis

A subsurface model was developed based on the results of the field exploration and laboratory testing.
For ease of construction and to distribute the soil pressure load under the basemat, a 3-foot thick layer of
cementitious Controlled Low Strength Material (CLSM) was modeled over native soils. A lateral
overexcavation of 1H:1V was included in the model around the basemat; these limits of CLSM were
included in construction.

Conventional analysis for determining modulus of subgrade reaction considers a uniform pressure
is applied to a foundation. The subgrade modulus is calculated based on the pressure applied to the soil
and the maximum settlement resulting from the applied pressure. However, on large foundations, the
applied pressures and settlement can be non-uniform. The initial settlement calculation assumed uniform
pressures acting on the subgrade to estimate the range of settlements and modulus values under perfectly
flexible mat foundation. These values were used to estimate an average settlement and modulus values
using a simplified model where the mat was divided into three zones of assumed pressure. Subsequent
settlement analysis used the results of the finite element analysis (described later) as input of pressure
distributions on the basemat to estimate the vertical stress increases in soil below the basemat. The
analysis uses uniform pressures acting on discrete zones at ground surface and by utilizing the principles
of superposition, the increase in stress at intervals of one foot horizontally and vertically below the
basemat is calculated. The vertical stress increases were used to perform consolidation evaluation to
obtain settlement distribution throughout the basemat.

In general, individual pressures were provided at discrete points, or nodes, on the basemat
foundation based on the finite element model shown in the Figure 4. Based on the pressure distribution
from the finite element analysis, the pressures on the basemat were grouped into zones. The increases in
vertical stresses at horizontal and vertical distances from any zone were estimated using Boussinesq’s
methodology for determining stress below a rectangular area.
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Figure 4. Finite Element model and Node Configuration
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An example of the pressure distribution and grouping is provided in Figure 5. For estimating the
increase in vertical soil stress and resulting consolidation settlement, these pressures were generally
grouped in stress categories to the nearest 500 psf. Cross sections along the short axis (east-west plan
direction) and the long axis (north-south plan direction) were analyzed. Due to symmetry for the fully
loaded configuration,¥s of the basemat was modeled and the nodes along the center of the mat were
analyzed for each axis. For example, the east-west axis was analyzed from the center of the mat with plan
view coordinates of (0, 0) to coordinates of (-21.74, 0), and the north-south direction was analyzed from
the center of the mat coordinates of (0, 0) to coordinates of (0, -89.17) as illustrated in Figure 5.

SOUTH EDGE
Distance (ft) 2174 -2054 -1934  -1814  -1694 -1574 -1454 -1334 1214  -1094 974 -854 -7.34 6.4 494 374 258 -1.27
-89.17

-86.76
-84.35
-81.94
-79.53
-77.12
-74.71
-72.30
-69.89
-67.48
-65.07
-62.66
-60.25
-57.84
-55.43
-53.02
-50.61
-48.20
-45.79
-43.38
-40.97
-38.56
-36.15
-33.74

East Edge

-3133
-28.92
-26.51
-24.10
-21.69
-19.28
-16.87
-14.46
-12.05
-9.64
-7.23
-4.82

-2.41

Figure 5. Pressure distribution from the center of the basemat

The vertical stress increase over these zones were modeled for estimated settlement of the very
soft to medium stiff clay layer using the theory of consolidation per the equation below. Based on the
results of the field and laboratory testing, this layer was divided into 6 sub-layers.

! A !
log =22 where

o'y 1+eg o'

CrH o’ C.H
S =—"—log="+-=5

- 1+eo

S — primary consolidation settlement
C; — recompression index

C. — compression index

g — void ratio

H — layer height

o' — effective overburden pressure
c'.— maximum past pressure
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Ac' —increase in vertical pressure

Based on the estimated settlement and pressure, the coefficient of subgrade reaction (subgrade
modulus) k-values (Ibs/in® or pci) were calculated at each node along the axes analyzed using the
following relationship;

k=q/35, where

g — applied pressure at the node (psi)
d — estimated settlement under the node (in)

As part of the iteration process, the estimated settlement and corresponding k-values were
provided to the structural engineer for incorporation into the basemat structural analysis. The updated
pressure distributions were provided to the geotechnical engineer and additional iterations were
performed. Two iterations were performed on fully loaded ISFSI mat foundation which consists of 34
HSMs.

FINITE ELEMENT MODEL

The GT-STRUDL (2020) computer code was used to model the basemat (2D 4-node shell elements) on
elastic subgrade (Figure 6). Each shell element is approximately 2.43ft x 1.27ft for the area under the
HSMs. The element sizes under the shield walls or along the unloaded edges of the basemat correspond to
the widths of these locations. To represent the under lying soil, the vertical modulus of subgrade reaction
is applied at all elements. GT-STRUDL has the capability of converting the modulus of subgrade reaction
(Kips/ft®) to a soil springs stiffness (kip/ft) based on the tributary area associated with each node. An
iterative process was utilized with the geotechnical group to achieve the final modulus of subgrade
reaction distribution. The GT-STRUDL model was ran with an initial modulus of subgrade reactions. The
resulting contact pressure was taken as an output and provided to the geotechnical group in order to
develop generalized pressure distributions over discrete areas. The pressure distributions over these areas
were modeled for estimated settlement using the theory of consolidation and vertical stress distribution
using superposition. Based on the estimated settlement and pressure, new subgrade modulus k-values
were calculated at each node along the axes analyzed using (Pnoge/Ancde). Based on these results, the
basemat FEM is broken into five groups (K1 to K5, see Figure 7) for the application of modulus of
subgrade reactions The iterative process is repeated, GT-STRUDL is run using the new k; values, contact
pressure is found and used by geotechnical group to find new ks values. Convergence is achieved when
there is no appreciable change of the deflection and the subgrade reaction under each region. Only two
iterations were performed to reach convergence of a fully loaded basemat foundation.
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Figure 6. FE MODEL SHOWING DIRECTION OF MOMENT & SHEAR

North

k. Value (pei)

33

22

30

21

ignation

Des

K4

K1

Figure 7. Modulus of Subgrade Reaction Groups
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RESULTS

A plot of the settlement results is shown in Figure 8. The maximum settlement is 5.74in which is
accommodated by having the top of the slab elevation of the basemat higher than the approach slab to
allow for the uniform settlement. The differential settlement for a fully loaded pad is (5.67in —
5.62in)/(4x2.43ft) = 0.005 in/ft which is less than the required 0.25in/10ft.
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Figure 8. Settlement in inches of Fully Loaded Basemat
CONCLUSION

The iterative method was used to analyze a fully loaded ISFSI pad with deep underlying soft soil layer
subjected to consolidation. This method used linear FEA software to account for the pads
flexibility/stiffness coupled with consideration of soil consolidation using classical geotechnical methods.
The solution converged within two iterations. The results show realistic behavior of slab deformation and
subgrade pressure distribution. The fully loaded pad meets the overall and differential settlement
requirements.
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