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ABSTRACT

For Vogtle nuclear power plant’s Independent Spent Fuel Storage Installation (ISFSI) facility, a 2.5-ft
thick by 68-ft by 417-ft pad will be used to support a 4x25 array of free-standing HI-STORM storage
casks. The pad is founded on a competent soil that is postulated to incur surface settlement due to: (1)
liquefaction and the accompanying soft zone settlement of a thin soil layer that is about 60-ft below the
surface, or (2) collapse of a hypothetical void at a much deeper depth. Geotechnical calculations
determined that collapse of the hypothetical void will cause larger peak settlement of about 3.5-inch over
about 150-ft distance. The calculated settlement profiles are small relative to the pad dimensions, and
hence the pad was evaluated for the settlement effect to determine the need, if any, for undertaking costly
soil remediation work.

Nonlinear beam-on-elastic-foundation analysis was performed to address the possibility that settlement
could result in loss of contact with the soil leading to large moments and forces. Multiple analyses were
performed by varying the distance between centerlines of the pad and settlement profile. The analyses
also addressed the possibility that the pad could have varying level of cask loading at the time of
settlement. All analyses demonstrated that the pad will maintain contact with the supporting soil. Also,
the resulting maximum bending moment and shear force demand-to-capacity ratios for the pad are less
than 0.50 for the worst settlement/cask loading scenario in combination with dead load, live load, and
design basis earthquake (DBE) load.

INTRODUCTION

A large ISFSI facility is planned outside the Protected Area (PA) of Vogtle nuclear power plant. A 2.5-ft
by 68-ft by 417-ft reinforced concrete foundation (“pad”) will be used to support unanchored HI-STORM
100 dry storage casks (Ref. 1), which will be placed on the pad during various loading campaigns.
Accordingly, the pad design/analysis considered the following cask loading sequences (see Figure 1):

(@) Single row of casks at one edge of pad
(b) Two rows of cask at one edge of pad
(c) Quarter loaded pad

(d) Half loaded pad

(e) Fully loaded pad
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(@) Single Row of Casks at One Edge of Pad
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(b) Two rows of Casks at One Edge of Pad
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(c) Quarter Loaded Pad
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(d) Half Loaded Pad

(e) Fully Loaded Pad

Figure 1: Cask Placement Configurations

Per NUREG-1536 (Ref. 2), ISFSI pad design is required to demonstrate structural adequacy for normal,
off-normal, and accident-level loads as well as withstand the adverse impact of any potential liquefaction
or other soil instabilities attributable to vibrating ground motion. During subsurface investigation at the
ISFSI site, zones of weak materials were identified using Cone Penetration Testing (CPT) and Standard
Penetration Testing (SPT). Therefore, it has been postulated that the design basis seismic event could
cause soil liguefaction and soft zone settlement. Also, while no voids were conclusively discovered, a
hypothetical void has been conservatively assumed to be present at the ISFSI site. Accordingly, two sets
of settlement profiles, one due to the soft zone settlement (due to its liquefaction) and the other due to
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collapse of the postulated void, were developed using the PLAXIS 2D program by considering that the
resulting settlement profiles will be approximately centered at the pad mid-span. It is noted that the
surface settlement response to liquefaction and soft zone settlement is affected by the pre-existing soil
stresses due to the pad’s presence, resulting in a two-lobe surface settlement profile (see Figure 2);
however, because the void is postulated at a much deeper depth, the surface settlement response to the
void’s collapse is largely independent of the pad’s influence. It is seen from Figure 2 that collapse of the
void will result in single-lobe profile with twice as large peak settlement than that due to the two-lobe
profile associated with soft zone settlement. The results of geotechnical analyses, which are based on
median estimates and soil properties, were used as the settlement loading input to the calculation for pad’s
structural evaluation.

Settlement (in)
=
o
o

—e—Pad + Liguefaction + Soft Zone

—8—Pad + Hypaothetical Void
-100 0 100 200 300 400 500

Horizontal Distance (ft)

Figure 2: Surface Settlement Profiles

Recognizing that the void location could occur at any position along the pad length, the uncertainty of
void location is accounted for by considering the following three cases with regard to the location of peak
surface settlement relative to the pad (i.e., by varying the distances between the pad centerline and
centreline of the settlement profile):

1. Peak Settlement at the edge of the pad
2. Peak Settlement at % span of the pad
3. Peak Settlement at % span of the pad

The pad was analysed as a beam-on-elastic-foundation for multiple combinations of the above-described
cask placement configurations and cases involving varying distances between the pad centerline and peak
settlement. The loading combination also included dead load, live load, and seismic load. The resulting
maximum shear forces and bending moments were used to design the pad per ACI 349 (Ref. 3), the code
of record for the project.

NUREG-1536 (Ref. 2) requires consideration of ordinary differential settlement effects as part of dead
load (since such settlement is manifestation of the dead load effect on the supporting soil). However, the
postulated surface settlement profile considered in this study occurs due to an accident condition that is
independent of the pad. Accordingly, as required per Ref. 2, the surface settlement load effect was treated
as an “off-normal” load case using a load factor of 1.0. The DBE seismic load case was considered in
combination with the settlement load effect in acknowledgement of the possibility that the surface
settlement profile could be triggered by a seismic event.
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ANALYSIS METHOD FOR SETTLEMENT LOADING

Considering that the length to width ratio is greater than 6, the ISFSI pad was treated as a beam-on-
elastic-foundation. The static soil-structure interaction analysis under static and settlement loading was
performed using the Winkler method of uniform modulus of subgrade reaction. Using the Winkler
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approach, L, the radius of relative stiffness was found to be about 11.5-ft for
uncracked condition of the pad, which is a fraction of the pad length (where ko is the modulus of subgrade
reaction and E. is modulus of elasticity of concrete). This signifies that the pad is very flexible compared
to the supporting soil, and hence use of the Winkler approach is reasonable for pad analysis. Also, three
times of the radius of relative stiffness is about 35-ft, which is nominally the distance over which load
effects are experienced for a beam-on-elastic-foundation. Therefore, the two-lobe settlement profile (see
Figure 2) associated with liquefaction/soft zone settlement will primarily affect bending moments and
shear forces within the pad region affected by each lobe. Also, the pad will maintain contact with the soil
in the mid-span region because the settlement near mid-span is quite small, which in turn will cause
essentially independent pad responses for each lobe region. Finally, because the single-lobe settlement
pattern (associated with collapse of the hypothetical void) has almost twice as large peak settlement (and
a correspondingly steeper slope) compared to the peak settlement pattern for each lobe of the two-lobe
settlement profile, it follows that the load effect due to the single-lobe settlement profile will be more
significant than the load effect due to each lobe of the two-lobe settlement profile. For the reasons listed
above, the design analyses were conducted only for the single-lobe settlement profile. In any case, the
following analysis approach is applicable to any settlement pattern under the pad.

The governing equation as well as the boundary conditions of the beam on elastic foundation can be
written as Equations 1 thru 3. Note that the settlement W is imposed in Equation 1 as additional loads to
any other static loading P such as the pad self-weight and cask weight.

i

B tiw—-wi=7 (Equation 1)
f%: =0afr=0E&41F (Equation 2)
£¥ = atx=0aor4l? (Equation 3)

Where w represents pad deflection under combined effect of settlement and static loading. Both the
settlement W and pad deflection w are functions of the distance x from the beginning of the pad (West
side) to the point of interest. E and | are the young's modulus and moment of inertia of the pad,
respectively. K represents soil subgrade modulus, which is constant along the length of the pad. It is noted
that the settlement loading is expected to cause concrete cracking; however, all analyses were conducted
using the uncracked section properties. Subsequently, a single analysis was conducted using the 0.5EI as
the effective EI value for the settlement scenario and cask loading sequence that produced the maximum
shear force and bending moments (it is noted that the effective El is smaller than 0.5El). This was done
to determine the influence of section cracking on maximum demands (as expected the demands go down
because the section forces and moments are proportional to effective EI).

The governing equation is solved using finite difference method. The pad is discretized into sixty-four
(64) equal segments in its longitudinal direction with a total of sixty-five (65) nodal points. The element
size is about 6.5'. The governing differential equation (Equation 1) is approximated by finite differences
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at each point and compiled in matrix format. For each internal point, the finite difference approximation
to the governing equation provides an algebraic equation connecting the values of deflection at several
neighboring points. Per Crandall (Ref. 4), the formulas for approximating the derivatives can be
represented pictorially by computational molecules as illustrated in Figure 3. The auxiliary (hypothetical)
external joints at the beginning and the end of the pad are introduced to facilitate the finite difference
approximation at the first two (i.e., nodes 1 and 2) and the last two (i.e., nodes 64, 65) nodal points. They
can be eliminated by incorporation of the boundary conditions (Equations 2 & 3). Internal and auxiliary
external points are illustrated in Figure 3.

As a result, Equation 1 can be re-written as Equation 4. The pad deflection w can be solved as Equation 5.
Section bending moment and shear force in the pad are calculated using Equations 6 & 7. Note that
matrices A, B, and C represents 4™, 2" and 3™ derivatives of the pad deflection w and can be expressed
using computational molecules illustrated in Figure 4. K is the soil spring stiffness matrix, and P is the
applied loading vector applied on the pad. Ec, l,ad and h are the Young's modulus of concrete, moment of
inertia and thickness of the pad, respectively.

(B2, k) m P 5 KW (Equation 4)
wm (SEES L ) (p 4 KD (Equation 5)
o= —Er:pﬁ% = —Bylaaty (Equation 6)
¥ = ~Bilpae 8 = ~Bilpor s (Equation 7)

To account for the non-linear effect of loss of contact at the soil-foundation interface, an iterative process
is utilized. The iterations are initialized by assuming a certain extent of soil-foundation contact selected
by engineering judgment and continued until the extent of soil-foundation contact at the interface
converges. Several iterations may be required.

Step 1: Assume an extent of contact along selected segments of the beam in initial iteration. For the first
iteration, the beam is considered to remain in contact with soil media where W is less than 0.2-in at the
pad ends. Soil springs are assumed in these areas and no soil springs elsewhere along the pad length.

Step 2: Solve the governing equations and determine the beam deflection at each nodal point along the
beam. Compare the beam deflection with ground surface settlement to determine if the assumption
regarding contact/no-contact is correct (if the deflection at one nodal point is greater than the settlement at
the same node, the pad bottom face is deemed to be in contact with the soil).

Step 3: Re-define the extent of contact at the soil-foundation interface at the bottom of the pad based on
the comparison in Step 2. Adjust K matrix accordingly and repeat step (2) as appropriate.

Step 4: Iterate until the beam deflection converges; calculate the shear forces and bending moment
distribution for the converged solution using Equations 6 and 7.

Independent verification of shear force distribution is also performed to ensure equilibrium is satisfied.
The total moment and shear demands used for the pad design are obtained by combining the results from
finite difference analyses with DBE seismic loads determined from a separate analysis which has taken
into account soil-structure interaction under DBE seismic event.
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Figure 3 Discrete Model for the Pad on Elastic Foundation
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Figure 4 Computational Molecules (per Ref. 4)
DESIGN OF ISFSI PAD

The pad was designed using ACI 349 (Ref. 3) using the following load combinations that are consistent
with NUREG-1536 (Ref. 2):

LC#1:1.4 D + 1.7 L (normal load combination)
LC#2: D + L + E + ST (off-normal load combination)

Where, D = dead load, L = live load, E = Seismic load due to DBE, and ST = Ground surface settlement

The pad was separately analyzed for seismic loading by performing multiple soil-structure interaction
analyses that considered various cask loading sequences. The maximum seismic bending moment and
shear force demands were conservatively directly added with the maximum bending moment and shear
force demands, respectively, associated with combination of settlement, dead load, and live load (using
the analysis technique covered in the section entitled “Analysis Method for Settlement Loading™”). This is
conservative because the cask loading sequence that produces maximum seismic forces and moments
may not be the same as the sequence associated with maximum forces/moments due to settlement
loading.

The pad design was carried out by conservatively using the uncracked section properties as they lead to
overestimation of section forces and moments. Nevertheless, for documenting the design conservatism,
the demands were recalculated using 0.5EIl as a conservatively estimated effective El value for the
specific combination of settlement scenario and cask loading sequence that produced the maximum
section demands considering an uncracked assumption.
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DISCUSSION OF RESULTS

Table 1 lists the summary of results (D + L + ST) loading combination (i.e., without seismic demands) for
various cask loading sequences and settlement scenarios (i.e., location of peak settlement relative to the
pad centerline). The values in Table 1 correspond to uncracked section properties.

Table 1 Demands in the Pad due to D + L + ST with Various Cask Loading Scenarios and Peak
Settlement Locations

Cask Loading | Location of Peak | Max Deflection | Max Bearing | Max Moment | Max Shear

Scenarios Settlement (in) Pressure (ksf) (kip-ft/ft) (kip/ft)
East Edge 3.97 2.53 83.99 4.62
Fully Loaded 3/4 Span 3.61 2.28 181.32 8.03
1/2 Span 3.61 2.28 181.31 8.03
East Edge 3.97 2.53 84.98 4.65

Qc‘:gaféy 3/4 Span 3.59 2.25 207.20 11.79
1/2 Span 3.11 1.95 166.24 7.60
East Edge 4.05 2.80 107.67 7.99
Single Row 3/4 Span 3.11 2.15 166.60 7.91
1/2 Span 311 2.28 165.75 7.60

Envelope 4.05 2.80 207.20 11.79

Table 2 shows the enveloped pad demand values for (1.4D + 1.7 L) and (D + L + E + ST) loading
combinations. It is seen that the demands due to the normal loading combination (1.4D + 1.7L) are much
smaller than those due to the off-normal loading combination of (D + L + E + ST); as noted above, the
latter in turn is dominated by the settlement load effect. The pad’s shear force and bending moment
capacities comfortably exceeded these demand values. The pad also easily satisfied the overturning and
sliding stability checks, and the maximum bearing pressure was found to be well below the allowable
bearing pressure.

Table 2 Envelope Pad Demands for Reinforced Concrete Design (based on uncracked behavior)

L Max Moment Max Shear
Load Combinations (Kip-fu/ft) (Kip/ft)
1.4D +1.7L 62.40 7.36
D+L+E+ST 259.69 21.65

Subsequently additional analyses were performed for the case of peak settlement at the pad centerline as
this settlement scenario appeared to cause maximum shear force and bending moments. A hypothetical
case of “single row” loading sequence, consisting of a row of four casks located along the pad centerline
was considered in order to maximize the demands. As seen from the results presented in Table 3, it is
seen that this loading sequence indeed produces the maximum shear force and bending moment in the pad
(the pad design conservatively envelops this hypothetical cask loading sequence considering uncracked
behavior). Accordingly, the pad was reanalyzed for this case using cracked section properties with 0.5EI
as a conservative lower bound for effective El. It is seen that the change in El reduced the maximum
bending moment from 240 kip-ft/ft to 137 kip-ft/ft and shear force from 12.7 kip/ft to 7.9 kip/ft.
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Table 3 Demands in the Pad due to D + L + ST with Various Cask Loading Scenarios and Peak
Settlement Located at Center

Section Loading Location of Max. Bearing Max Max
Properties Scenarios Peak Settlement Deflgctlon Pressure Moment Shear
(in) (ksf) (kip-ft/ft) | (Kip/ft)

Full Loaded 3.61 2.28 181.31 8.03

Half Loaded 3.61 2.29 181.4 8.06

Uncracked Quarter Loaded 1/2 Span 3.62 2.2 179.26 7.27
Two Rows 3.57 1.41 233.08 12.50

Single Row 3.53 1.3 239.99 12.65

Envelope 3.62 2.29 239.99 12.65

Cracked Single Row 1/2 Span 3.64 1.60 136.83 7.92

For comparison, a separate analysis for just (D+L) load combination showed that the maximum bending
moment for this loading sequence and settlement scenario is 66 Kip-ft/ft for uncracked behaviour (42 kip-
ft/ft for cracked behavior), and that the maximum shear force is 5.5 kip/ft for uncracked behaviour (4.1
Kip/ft for cracked behavior). This demonstrates that the maximum shear force and bending moment are
overwhelmingly controlled by the settlement loading, and also that a reduction in effective El causes an
almost commensurate reduction in the demands.

Figures 5, 6, and 7 show the deflection, bending moment, and shear force diagrams, respectively, for the
uncracked analysis corresponding to the case of peak settlement at the pad center and a single row of
casks along the pad centerline. Figures 7-10 show the corresponding diagrams for the same case using
cracked section properties. It is seen from Figures 5 and 8 that the pad deflection profile follows the
settlement profile; however, the difference between the two is slightly larger near the pad center (i.e.,
where additional dead load due to the single row of casks is present). Figures 6 and 9 show that the shape
of the bending moment diagram is essentially identical for uncracked and cracked behavior; however, as
noted earlier, the moment magnitudes are significantly smaller for the case of cracked behavior. Similar
observation can be made regarding shear force diagram by comparing Figures 7 and 10. Consideration of
cracked section behavior, which provides more realistic maximum demands, thus indicated that the pad’s
bending moment and shear force capacities are more than twice the realistic demands. This suggests a
healthy margin against the settlement load effect.
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Figure 5: Pad Deflection for single row of casks at pad centerline and peak settlement at pad centerline
(uncracked behavior)
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Figure 6: Pad Bending Moment for single row of casks at pad centerline and peak settlement at pad
centerline (uncracked behavior)
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Figure 7: Pad Shear Force for single row of casks at pad centerline and peak settlement at pad centerline
(uncracked behavior)
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Figure 8: Pad Deflection for single row of casks at pad centerline and peak settlement at pad centerline
(cracked behavior)
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Figure 9: Pad Bending Moment for single row of casks at pad centerline and peak settlement at pad
centerline (cracked behavior)
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Figure 10: Pad Shear Force for single row of casks at pad centerline and peak settlement at pad centerline
(cracked behavior)

CONCLUSION

The Vogtle ISFSI pad has been designed to withstand the load effects due to postulated surface settlement
profiles associated with: (a) liquefaction/soft zone settlement of a thin soft layer 50-60 ft below the pad,
and (b) collapse of a hypothetical void that is postulated to be present at a much deeper depth below the
pad. The pad was conservatively designed using seismic load in combination with the settlement load
effect. Also, uncracked section properties were conservatively used to determine the settlement load
effects (i.e., the loading case that dominates the shear force and bending moment demands). It is shown
that the pad design comfortably meets the pertinent NUREG 1536 and ACI 349 design requirements with
regard to section capacities as well as overturning stability and soil pressure check. Also, use of more
realistic cracked section properties indicated that the pad has a large design margin against demands due
to the postulated settlement load effects (and the associated load combination).

ACKNOWLEDGEMENTS

Southern Nuclear’s review and support of this work is gratefully acknowledged.



24" Conference on Structural Mechanics in Reactor Technology
BEXCO, Busan, Korea - August 20-25, 2017
Division IX (include assigned division number from | to X)

REFERENCES

HI-2002444, Rev. 13, HI-STORM 100 FSAR, March 31, 2016

NUREG-1536, Standard Review Plan for Dry Cask Storage System, January 1997

ACI 349-01, Code Requirements for Nuclear Safety-Related Concrete Structures

S.H. Crandall, Engineering Analysis - A Survey of Numerical Procedures, McGraw-Hill Book

Company, 1956

pPOONME



