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1. DESIGN OF PILES 

1.1 Pile Axial Load Design 

The piles include 24-inch diameter casing, extending through the upper soils to the top of the 

weathered Franciscan Formation.  Below the casing, the piles are reduced in diameter to 20 

inches for the rock socket. 

The pile geotechnical and structural axial-load capacity is documented in the spreadsheet 

calculations below.  We have designed the rock sockets of the retrofit piles to sustain an 

allowable load of 800 kips.  We have not considered any resistance coming from the cased 

section of the piles above the rock surface.   
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1.2 Tension Rod and Jacking Design 

The load is imparted to the piles through flat jacks. jacking beams and tension rod “fuses.”  The 

tension rods are intended to yield as the building continues to settle over time, while protecting 

the piles from excessive loading, which would be detrimental to the existing mat foundation.  

Strain in the tension rods is limited to 5% at a maximum settlement of 8 inches.  This results in a 

rod length of 160 inches.   

 
We have designed the jacking beam to sustain the strain-hardened load in the tension rods, based 

on the specified maximum stress of 70 ksi at 5% strain. 

 

Section 2 includes a more detailed analysis of the jacking beam, including the stiffeners, flange 

extension plates and welds. 

1.3 Axial Deformation 

We have computed the axial deformation of the pile and the tension rods, along with the flexural 

and shear deformation of the jacking beam, in order to understand the stroke of the flat-jacks 

required to load the piles to 800 kips.    
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1.4 Pile Response to Lateral Demands 

The piles are designed to sustain a lateral deflection of 6 inches.  At this deformation, we have 

shown through LPILE analyses that a plastic hinge will form at the bottom of the mat, but that 

another hinge will not form at depth.  We have modeled the cased pile in XTRACT in order to 

determine the moment-curvature behavior. 
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The following plots from LIPILE show the behavior of the pile, with a flexural yield value of 

16,700 kip-inches.   
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There is no plastic hinge formation at depth.  The following extract from the LPILE output 

indicates the behavior of the top of the pile: 

 

The slope change in the top increment is 0.0217 radians.  Considering a hinge length equal to the 

pile diameter (24 inches) leads to a curvature of 0.0217/24 = 0.001, clearly within the acceptable 

range of curvatures indicated above.   
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2. DETAILED ANALYSES OF JACKING BEAM 

2.1 Model Description 

Figure 2-1 shows a section view at the jack while as Figure 2-2 shows the jacking detail (both 

adopted from our structural drawing: S502 Detail 1 and 2, respectively).  

 

Figure 2-1: Section at Jack 
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Figure 2-2: Jacking Detail 

In order to check adequacy of the jacking beam to resist the jack load, we conducted Finite 

Element Analysis (FEA) using ABAQUS/CAE 6.14-1. The W24x207 beam, the 1
9

16
 inch thick 

extension plates, the ¾ inch stiffener plates and the 7/16 inch fillet welds connecting the 

stiffeners to the beam flanges and web were all explicitly modeled. Figure 2-3 shows Isometric 

view of the model while as Figure 2-4 shows the side view of the model. 
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Figure 2-3: Isometric View of the Jacking Beam Modeled in ABAQUS  
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Figure 2-4: Side View of the Jacking Beam Modeled in ABAQUS 

  

Note that the extension plates were fully tied to the beam flange in FEA.  

Following the recommendations by ANSI/AISC 360-10 (Commentary Chapter J, Section 10.8), 

we stopped the welding at a distance 2 inch away from face of the beam flange for vertical welds 

and face of the beam web for horizontal welds (2 inch and not 1.8125 inch was used for 

simplicity and conservatism). This recommendation is to avoid contact with “k-area”. See Figure 

2-5 and Figure 2-6.  

Also the three interior stiffener plates were conservatively tapered straight from beam top flange 

to the extension plate at the beam bottom flange.  
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Figure 2-5: Recommended Placement of Stiffener Fillet Welds to Avoid Contact With “k-

area” (ANSI/AISC 360-10 (Commentary Chapter J, Section 10.8)) 

 

 

 

Figure 2-6: 2 inch Distance Modeled for Placement of Weld in FEA 
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2.2 Material 

Typical steel properties (𝐸 = 29,000 ksi and 𝜈 = 0.3) were used in the model to describe elastic 

material characteristics. Yield stress for the beam and plates was specified to be 50 ksi (ASTM 

A992 for the beam, and ASTM A572 Gr. 50 for plates). Yield stress of 70 ksi was specified for 

weld material.  

2.3 Elements and Mesh Size 

We built the model using solid elements. The element types were: C3D8R (An 8-node linear 

brick, reduced integration, hourglass control). We used 0.4 inch mesh size. 

2.4 Contact 

Surface-to-surface contact (standard) was specified for the interaction between stiffener plates, 

beam and weld.  

2.5 Boundary Condition  

Pinned support was modeled on the beam top flange (top surface) at 4 locations (where threaded 

rods are).  See Figure 2-7. 
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Figure 2-7: Boundary Condition 

 

2.6 Loading 

2.93 ksi upward pressure was applied to represent the flatjack load (on a 22 inch circular 

surface). See Figure 2-8. 

   

Pinned Support

BC1

BC2

BC3

BC4
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Figure 2-8: Loading 

 

2.7 Analyses and Results 

Analysis was conducted in a force-controlled manner. Table 1 shows the reaction forces at the 

four pinned supports. The values are very close and the flatjack load is evenly resisted by them. 

 

 

 

 

Pressure Loading
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Table 1 – Reaction Results 

Supports Vertical Reaction (kips) 

BC1 280.0 

BC 2 278.4 

BC 3 278.4 

BC 4 278.0 

 

Figure 2-9 shows the stress contours on the beam. There was negligible amount of yielding 

which was mainly localized and it was due to stress concentration around the weld or under the 

pinned supports. The analysis therefore proved the adequacy of the beam, stiffeners and welds.    

 

 

 

Figure 2-9: Stress Contours 
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3. CONNECTION CALCULATIONS BETWEEN EXISTING AND NEW PILE CAP 
SECTIONS  

3.1 Bottom Reinforcement 
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3.2 Top Reinforcement 

We designed the top reinforcement connecting the mat extension to the existing mat for MCE-

level demands from our Perform-3d model. 

Design of the top reinforcement is governed by pile head moments due to displacement of the 

tower towards the mat extension, coinciding with seismic uplift on the piles.  We conservatively 

calculated seismic uplift based on results of applying the 11 spectrally matched ENGEO ground 

motions to the pinned-base PERFORM-3D model.  For each rock pile, we determined the 

minimum compression due to each of the 11 ground motions.  The minimum mean compression 

among the 52 rock piles is 521 kip.   

We assumed the new piles may unload by as much as 200 kip due to rebound.  We therefore 

designed the mat extension reinforcement for a conservative minimum long-term static axial load 

of 600 kip. 

PD = Minimum long-term rock pile axial compression 

 = 600 kip 

 

PEQ = Pile uplift due to the MCE 

= 800 kip – 521 kip 

= 279 kip 

 

Ppile = Governing pile axial demand 

= PD – PEQ 

 = 321 kip   (compression) 

 

We designed for the expected yield moment of the rock piles.  We used XTRACT, version 3.0.7 

to compute the rock pile yield moment considering expected material strength properties. 

Mpile = Expected pile yield moment 

 = 35,000 kip-in. 

Forces at the pile head induce moment on the mat extension.  Tension in the top dowels resolves 

the applied moment demands, as shown in Figure 3-1. 
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Figure 3-1 – Mat Extension Forces for Top Reinforcement Design 

 

 

e.v = 120 in. - 15 in. - 15 in. - 6 in. Take moments about the bottom rebar height

 = 84 in. where pile shear is resolved

e.h = 48 in. Offset of pile center from extension interface

P.pile = 521 - 200 Avg. minimum pile axial load

 = 321 kip

M.pile = 35000 kip-in. Pile moment capacity

T.s = (M.pile - P.pile * e.h) / e.v Top dowel tension

 = 233 kip (per pile)
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Six #7 Gr. 60 bars between each new rock pile are adequate for the demands at the mat extension 

interface.  Calculations below verify this design and compute required embedment of the new 

rebar based on the lap splice requirements of ACI 318-14 Chapter 25.  Rebar development is 

illustrated in Figure 3-2. 

 

  

f.y = 69 ksi Expected steel yield strength

A.s = T.s / f.y Required steel area

 = 3.38 in^2

bar size = 7

A.bar = 0.60 in^2

n.bars 6

A.s =  3.6 in^2 Provided steel area

Available space = 55 in. - 24 in. - 1.5 in.

 = 29.5 in.

Bar Spacing = 5.9 in.

Lap Length Requirements

f.pc = 9.1 ksi Expected concrete compressive strength

New Bars

λ = 1

ψ.t = 1 Top bar factor (ψ.t) not required for lap splice development 

ψ.s = 1 of post-installed bar, per Section 3.1.14.1 of HILTI North

ψ.e = 1 American Product Technical Guide , Volume 2, Edition 17.

d.b = 0.875 in.

min cover = 12 in.

Spacing = 5.90 in.

c.b = 2.95 in.

K.tr = 0  in^2

(c.b + K.tr) / d.b = 3.37 (use 2.5)

L.d.7 = (3 / 40) * (f.y / fpc^0.5) * [ψ.t * ψ.s * ψ.e / (λ * (c.b+K.tr) / d.b)] * d.b

19.0 in. (ACI 318-14 Eq. 25.4.2.3a)

L.st.7 = 1.3 * L.d.7

 = 24.7 in.

Existing #11 Bars

d.b = 1.41 in. #11 bar diameter

L.dh.11 = 0.02 * (fy / (fpc)^0.5) * d.b Hook development length for #11 bar yield strength

 = 20.4 in. (ACI 318-14 Equation 25.4.3.1)

6 in. + L.dh.11 = 26.4 in.



 

 - 53 - 

 Development of the existing #11 hooked bars governs the required embedment of the new rebar.  

Shop drawings show 2 in. clear cover to the existing mat reinforcement.  The new epoxy rebar 

should therefore be embedded a total length of 29 in. into the existing mat. 

 

Figure 3-2 – Mat Extension Top Reinforcement Development 
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4. PILE JACKING VAULT DESIGN CALCULATIONS 

4.1 Calculations 
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