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Executive Summary

The objective of this study is to re-evaluate the adoption, with the objective of potentially extending the
utilization of F, = 50 ksi for the structural capacity of steel H-piles (AISC HP sections) for bridge
foundations. Specific consideration is given to the current capacity equations, P, = 0.66AF, and P, =
0.33AsFy, with the objective of their confirmation or revision; potentially permitting fewer piles for a
foundation and an associated cost savings. The impacts of any revisions, particularly upon foundation
settlement, are evaluated and recommendations for the revision of DM-4 (as amended by SOL 483-14-04)
are provided.

The commercially available program GRLWEAP was used to conduct 141 pile driving analyses in a
parametric study and an additional 26 benchmark analyses using available field data. For each parametric
analysis case considered, representing a pile section, pile length, shaft friction and ‘target’ capacity, a
two-step analytical approach is used. Each analysis begins with trial hammer parameters (type, stroke and
energy) and iterates upon these until the target capacity is attained at 240 blows/ft — a value defined as
‘refusal’. The objective of each parametric analysis is to achieve the target capacity with the smallest (i.e.
least energy) hammer (of those considered) while still providing at least a 0.5 foot working stroke range.

Results indicate that the AASHTO permitted pile capacity of 0.5AsF, is not technically achievable
without the reduction in required over strength permitted using a PDA. Even using a PDA, this capacity
may only be achievable for smaller pile sections. The SOL 483-14-04 permitted pile capacity of
0.5(0.66)AsF, in which F, = 50 ksi is achievable in cases considered although driving stress in large
HP14x117 piles approaches the limit of 0.9AsF,. The theoretical increase in pile capacity realized by
accounting for the increase of F, from 36 to 50 ksi and the revisions to the PennDOT standard results in a
theoretical increase in pile capacity of 131% by increasing F, from 36 to 50 ksi; this increase is
achievable for all cases considered. Driving piles to the maximum permitted driving stress of 0.90AF, =
45 ksi, resulted in pile capacities ranging from 0.64AsF, to 0.76AsF, with smaller pile sections having
marginally higher achievable capacities. All HP10x57 piles considered, for instance, could be driven to
values exceeding 0.70AsF, without exceeding driving stress limits.

The benchmark comparisons with available CAPWAP analyses confirmed the method of WEAP analysis
to obtain a reasonably accurate driving analysis. Requiring a WEAP analysis to approve the pile hammer
and to establish the stroke range at refusal is affirmed as a practical driving analysis methodology to
ensure the settlement limit is maintained and the pile is not overstressed during driving.

Analysis of bearing pile settlement indicated that piles having F, = 50 ksi and design capacities up to the
AASHTO-specified capacity of 0.50AsF, will not exhibit settlements greater than approximately 1 in. at
service loads.

A representative cost analysis — normalized on the basis of 100,000 kips driven pile capacity and a
number of fundamental assumptions concluded that increasing the design capacity of a pile results in a
decrease in cost per driven pile capacity although due to the need for larger hammers and cranes,
permitting design capacities greater than 16.5 ksi results in only marginal additional savings.
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1. Literature Review and Enumeration of H-Pile Design Criteria
1.1 Objective

The objective of this study is to re-evaluate the adoption, with the objective of potentially extending the
utilization of F, = 50 ksi for the structural capacity of steel H-piles (AISC HP sections) for bridge
foundations. Specific consideration is given to the current capacity equations, P, = 0.66AsF, and P, =
0.33AsFy, with the objective of their confirmation or revision; potentially permitting fewer piles for a
foundation and an associated cost savings. The impact of any revisions, particularly upon foundation
settlement will be evaluated.

1.2 Acronyms and Notation

The following acronyms and notation are used in this report.

WEAP Wave Equation Analysis of Pile Driving

GRLWEAP  WEAP analysis program distributed by Pile Dynamics Inc.
CAPWAP Case Pile Wave Analysis Program

PDA Pile Driving Analyzer

All pile designations are given in standard US terminology omitting the leading “HP”; thus 12x74
indicates a pile having a nominal depth of 12 inches and a weight of 74 Ibs/ft.

1.2.1 AASHTO LRFD and DM-4 Editions

Unless otherwise noted, this review refers to the most recent versions of AASHTO LRFD Bridge Design
Specifications and PennDOT Pub 15M Design Manual Part 4 (DM-4) Structures. That is, the 2014 and
2012 versions, respectively. In order to document progression of these standards, some discussion refers
to previous versions of AASHTO LRFD and DM-4 only if these differ from the current versions. This is
indicated when appropriate.

1.3 Introduction

PennDOT Design Manual DM-4 (2012) §6.15.1 limits the specified yield strength of steel piles to F, <36
ksi. PennDOT Strike-Off Letter (SOL) 483-13-12 modifies this limit to F, < 50 ksi and updates relevant
sections of DM-4 and BC-757M and Publication 408 (section 1005) accordingly. SOL 483-13-12 notes
“there is no apparent detrimental effect to bridges supported by H-pile foundations” resulting from this
change. Subsequently, SOL 483-14-04 was issued to “clarif[y] the current pile design methodology for
computing design capacity for H-piles and implements a new design methodology for computing the
design capacity of steel pipe piles. This SOL revises DM-4 and replaces certain pages of SOL 483-13-12
which implemented the use of F, = 50 ksi for steel H-piles for computing the design capacity.”

The primary motivation for making the change from F, = 36 ksi to F, = 50 ksi is that the ‘preferred
material specification” (AISC 2011) for H-pile shapes (designated HP) is ASTM A572 (2013) Grade 50
High Strength-Low Alloy Steel. Even if ASTM A36 (2012) steel were specified (availability of HP
sections may be limited and therefore such specification would be at an increased cost), there is no upper
limit on yield strength. Steel fabrication depends on scrap steel, which includes strength-enhancing
elements that are not easily removed; therefore it is difficult for manufacturers to produce structural steel
with a yield stress below 50 ksi.

An additional motivation is the expected cost savings, resulting from potentially using smaller sections,
that may be realized by increasing the design capacity. The following section addresses potential risks
associated with the increase in design capacity from F, = 36 ksi to F, = 50 ksi.



1.4 Issues Associated with Adoption of F, = 50 ksi for H-Pile Design

The following issues have been identified as being potentially impacted by increasing the design strength
of H-piles from F, = 36 ksi to F, = 50 ksi.

1.4.1 Structural Steel Capacity

Although the higher yield strength improves stability and yield checks, the higher yield strength may
adversely affect ductility checks associated with non-compact shapes. As the yield strength increases
from 36 to 50 ksi, the flange and web slenderness ratios defining compact and honcompact section limits

— both a function of ,/E /F, — fall 18% (Table 1).
Table 1 AASHTO LRFD (2007, 2010 & 2014) and DM-4 slenderness limits.

. . i plate slenderness limit
design action AASHTO/DM-4 element calculation 36 ksi | 50 ksi
| 6 flanges bs /2ty <0.56,/E/F, 159 | 135
axial capacity 6.9.4.2
web (d—-2k)/t, <1.49 /E/Fy 42.3 35.9
compact bs /2t; <0.38 [E/F
strong and weak | §A6.3.2 (strong) flange /2t <0. /Fy 10.8 9.2
axis flexure 86.12.2.2.1 (weak) | noncompact
flange by /2t; <0.83,/E/F, 23.6 | 20.0

Of the nine standard HP shapes used by PennDOT (those reported in DM-4 Table 6.15.3.2P), 14x73 and
12x53 become ‘slender for axial load’ when Fy is increased from 36 ksi to 50 ksi. In terms of strong-axis
flexure, seven of the nine sections are ‘non-compact for flexure’ at F, = 50 ksi while only four shapes are
non-compact at F, = 36 ksi. Only 12x84 and 10x57 are compact for both axial and flexural loads for both
F, = 36 ksi and F, = 50 ksi.

It is worth commenting here that the slender and non-compact shapes are ‘barely’ so. While the slender
and non-compact designations trigger more robust calculation of capacity, the actual decrease in capacity
over the compact shape calculations is at worst 3.6% for axial and 8% for flexural loads (both for the
most slender 14x73 shape).

1.4.2 Pile Welds and Splices

Increased capacity and driving stresses affect the required capacity of pile section welds and splices. In
late 2013 PennDOT Standard Drawing BC-757, showing H-pile splices, was revised to require full-
penetration welds across the entire section. Previously, full-penetrations welds were required only for the
flanges and double-sided splice plates used along the web. There is no known issue with the capacity or
integrity of properly executed welds affected by the base material having F, = 36 ksi or F, = 50 ksi.

1.4.3 Effect of Corrosion

Corrosion resistance of steel piles is unaffected by strength. The use of higher strength piles may permit
smaller pile sections to be used to resist the same load. When considering the effects of corrosion, it is
typical to assume section loss of 1/16 in. from all surfaces. Thus a pile having a smaller section area has
less ‘reserve’ capacity; that is: the 1/16in. reduction in plate thickness represents a proportionally greater
section area for a smaller pile.

1.4.4 Allowable Net Settlement Limit

DM-4 §D10.5.2.2 limits net foundation settlement to 1 inch at service loads. For a bearing pile, this net
settlement is the sum of two components: 4y, tip displacement and 4, pile shortening. Tip displacement




is a function of the bearing rock strata modulus and is independent of the pile steel grade. Pile shortening
(4) is given by the relationship:

Ay = (Qu+ ¢QyL/EA 1)

Where Q, and Q; are the loads carried by the pile point and the skin friction, respectively; ¢ represents
the effect of the friction distribution pattern; L is the length of the pile; A the pile cross-section area; and E
is the modulus of elasticity of the pile (Esee = 29000 ksi). The load carried by the pile, P, is marginally
less than the sum Q,+ ¢ Qs; for simplicity, however, P is used in the following discussion.

While this relationship is independent of steel grade, the pile yield capacity is affected by steel grade. If
pile capacity is increased from 36 ksi to 50 ksi, two implications for design may occur: a) the pile
capacity, P, increases for the same pile section; or, b) the pile area, A may be reduced to carry the same
value of P. Both cases result in an increase in 4s. Assuming a perfectly efficient design (i.e.: 100%
utilization of cross section A to resist load P), the increase in 4; is equal to the ratio 50/36 = 1.39.
Increasing 4, while respecting the same net settlement limit, reduces the allowable tip displacement by a
corresponding value. For case a) in which the pile capacity is increased, it must be assumed that 4, will
also increase at least in proportion to the applied load, P. In this case, the net settlement will increase 39%
in going from F, = 36 ksi to F, = 50 ksi. For case b) the net settlement will increase, but remain less than
39% as the ratio 4;,/4s approaches zero.

Related to this, DM-4 §C10.7.3.8.1 cites the findings of Kulhawy et al. (1983) in reporting that a pile
driven in soil must displace on the order of 8% of its diameter in order to fully mobilize the tip capacity.
Taking this guidance at face value and limiting settlement to 1 in. means that piles having a diameter
greater than 12.5 in. cannot fully mobilize their tip capacity without exceeding settlement limits. This
hypothetical calculation additionally neglects the effect of pile shortening. Curiously, Kulhawy et al. is
not the source of the 8% value; Kulhawy et al. cites Vesic (1977) in this case. It is not entirely clear the
basis for the ‘8% rule-of-thumb’ since this value will be affected by soil type and pile length to a degree.

1.4.5 Tip Bearing Capacity

While the pile bearing capacity increases as F, increases from 36 to 50 ksi, the soil into which the pile is
driven and the strata on which it bears is clearly unchanged. Thus it is conceivable that a pile system
whose limit state is governed by structural capacity at F, = 36 ksi is governed by geotechnical bearing
capacity at F, = 50 ksi. This may be particularly the case for “weak rock” conditions.

1.4.6 Driving Stresses and the Need for a Driving Tip

Related to tip bearing capacity, it is equally conceivable that in order to efficiently drive a pile at F, = 50
ksi, a driving tip is required which may not have been the case for F, = 36 ksi. The use of the driving tip
lowers the capacity of the pile (¢ decrease from 0.6 to 0.5 (AASHTO) or from 0.45 to 0.35 (DM-4)),
reducing the increased pile capacity that may be realized using the higher strength steel. DM-4
8D10.7.8.5 specifically requires driving tips for all point bearing and end bearing piles driven into
bedrock, regardless of pile yield strength.

1.4.7 Friction Described as ‘Shaft Percentage’

As will be discussed ‘shaft percentage’ — the portion of bearing pile capacity resisted by friction —is a
necessary parameter used in design. The increase in pile strength has no effect on properties affecting
friction.

1.5 Literature Review
1.5.1 Compilation of Pile Load Test and Wave Equation Information (Pub 15A)

Pub 15A (1989) is the only parametric study conducted by PennDOT comparing results of wave equation
analyses with actual load test data. This study considered different pile hammers, pile sizes, pile lengths,



hammer efficiencies and soil damping factors. This 1989 study is believed to be out of date as it used
empirical data from actual load tests and maximum compressive stresses were unknown (PennDOT
2012). Pub 15A reports 82 tests. Sheets 1-52 are H-piles; only these are considered in the present study.
The test parameters of the 52 H-pile tests reported in Pub 15A are summarized in Appendix A.

Based on Pub 15A, WEAP input parameters were determined (Table 2) and promulgated in DM-4
8§D10.7.3.8.4. The DM-4-recommended values have been revised marginally since 1989 as shown in
Table 2.

1.5.2 Pile Hammer Analysis Evaluation (PennDOT 2012)

This evaluation was initiated because PennDOT’s standard procedure for performing WEAP (using
GRLWEAP) did not consistently provide results in agreement with CAPWAP results based on actual
PDA input for point and end bearing piles. The objective of the study was to identify parameters within
GRLWEAP that may be modified to improve this agreement. The study considered 41 PDA data obtained
from 12 projects. The data included four pile shapes (10x57 (n = 13), 12x74 (n = 13), 12x84 (n = 3) and
14x117 (n = 12)) and five hammer types (Pileco D19-42, ICE 1-46, Berminghammer B-21, ICE 1-30 and
ICE 1-19). Table 2 summarizes the GRLWEAP parameters recommended based on Pub 15A, those
prescribed by DM-4 (2012) §D10.7.3.8.4, and those recommended by PennDOT (2012).

Table 2 GRLWEAP input variables.

GRLWEAP parameter Pub 15A (1989) DM-4 (2012) PennDOT (2012)
shaft quake 0.10 in. 0.10in. 0.10 in.
toe quake 0.10 in. 0.05in. 0.05 in.
shaft damping 0.05 sec./ft 0.05 sec./ft 0.05 sec./ft
toe damping 0.20 sec./ft 0.10 sec./ft 0.10 sec./ft
shaft percentage 10% 10% 30%°
hammer pressure 100% 100% 100%
# recommendation to increase shaft percentage to 20% for one year and evaluate further increase to 30% thereafter.

The 2012 PennDOT study concluded that although quake and damping parameters affect GRLWEAP
output, they do so in an inconsistent manner and only values determined post priori improve predictive
results of WEAP; thus no change to the presently prescribed values was recommended. Similarly,
reducing hammer pressure to 80% had negligible effects on GRLWEAP output.

Increasing the shaft percentage from 10% to 30% was found to reduce the GRLWEAP overestimation of
CAPWAP-determined maximum compressive stress. The degree of improvement was greater for larger
pile sizes although this reflects the greater overestimation of stress for the larger piles in any event. Table
3 summarises representative results presented by the study based on pile size and hammer type. The data
reported in Table 3 was obtained from “Executive Table 1”” in PennDOT (2012) and has been updated to
correct apparent reporting errors in the original report (revised data provided by PennDOT 3.12.15).

PennDOT (2012) recommend increasing the shaft friction percentage to 30% in GRLWEAP analyses in
order to better replicate results observed in the field. Increasing this parameter in GRLWEAP will lead to
larger pile hammer stroke values being approved for use and therefore more efficient pile driving
operations. The study continues to recommend limiting pile stresses to 32.4 ksi (0.9F,) and 40 ksi (0.8F,)
for 36 ksi and 50 ksi piles, respectively. Subsequently, SOL 483-13-12 revised the limiting pile stress to
0.9F,.



Table 3 Maximum compressive stress determined in field and by predicted by GRLWEAP for five
example cases (PennDOT 2012).

example TP-2 B3! P5 TP-12 3054

pile size 12x74 10x57 12x74 14x117 14x117

Pileco Pileco Pileco

hammer | ICE I-19 D19-42 D19-42 ICE I-30 D19-42

in situ maximum compressive stress | 26.0ksi | 26.2ksi" | 24.0ksi | 29.7ksi" | 24.9ksi

GRLWEAP with 10% shaft friction 30.7 ksi 41.6 ksi* | 31.7 ksi 49.8 ksi* | 33.8ksi
GRLWEAP overestimation of in situ 18% 59% 32% 68% 36%

GRLWEAP with 30% shaft friction 27.3 ksi 33.4 ksit 26.6 ksi 39.5 ksi' 27.4 ksi
GRLWEAP overestimation of in situ 10% 27% 11% 33% 10%

! revised per PennDOT, 3.12.15.
1.5.3 1-95/1-276 Interchange Pile Testing Program (PTC 2011)

The Pennsylvania Turnpike Commission (PTC) reports a pile testing program undertaken as part of the I-
95/1-276 Interchange Project. Of the eight piles tested, six were H-piles: three 12x74 and three 14x89
(Table 4). All piles were reported to be ASTM A-572 Grade 50 steel having a nominal yield strength, F,
= 50 ksi. All piles were driven to absolute refusal, defined as 20 blows per inch in soft or decomposed
rock, or dense or hard soil strata.

The objectives of the study were to a) evaluate the capacity of pile drivability into a thick saprolite layer;
b) determine the ultimate geotechnical capacity of the piles specifically to determine whether
geotechnical or structural capacity controls the design; c) identify if varying saprolite thickness affects the
ultimate capacity; and d) monitor ground surface vibration associated with pile driving. Objective b) is the
primary concern relative to the present study.

PennDOT and the PTC independently own and designed the interchange structures. PennDOT-owned
structures were designed according to DM-4 §6.15.1 which at the time limited the yield strength for steel
to be used in structural pile design to 36 ksi. PTC’s Design Guidelines allow for the use of 50 ksi. This
situation permits a direct comparison of piles designed using the different provisions (Table 4). Although
the report focuses on reduced section capacity (accounting for eventual 1/16 in. section loss due to
corrosion), only full section capacity, defined as 0.35F /A, is presented in Table 4.

PDA monitoring and subsequent CAPWAP analyses were conducted at the end of initial driving (EOID)
and at the beginning of restrike (BOR). In all but pile TP-1, BOR capacities are greater than EOID
capacities; only the greater value is reported here. In all cases, the PDA-determined driving stresses were
below the allowable driving stress of 0.8F, = 40 ksi (Table 4). It is noted that subsequent revision by SOL
483-13-12 increases this limit to 0.9F, = 45 ksi. Both Case Method (Goble et al. 1980) and CAPWAP
analyses were performed to determine the pile capacities. The resulting factored (¢ = 0.65) geotechnical
pile capacities all exceed the structural capacities; indicating that regardless of pile yield strength, the
structural capacity controls design in these cases.

All piles penetrated a first saprolite layer (SPT > 40 blows for 12 in.) and embedded into a second denser
layer (SPT > 50 blows for 6 in.). Piles TP-3 and TP-3B were founded on rock while the others were
driven to refusal (20 blows per inch) within the second saprolite layer. A function of the saprolite
embedment, with the exception of TP-1, skin friction percentage was predicted (using CAPWAP) to
exceed 30% in all cases supporting the primary conclusion of PennDOT (2012).



Table 4 Pile test details and results from PTC Pile Test Program (PTC 2011).

Test | TP-1 TP-1B TP-2 TP-2A TP-3 TP-3B

pile size 12x74 14x89 12x74 14x89 12x74 14x89

pile embedment 36.0 ft 33.9 1t 45.0 ft 445 ft 57.0 ft 55.0 ft
design structural capacity: F, = 36 ksi 275 kips | 329 kips | 275 kips | 329 kips | 275 kips | 329 kips
design structural capacity: F, = 50 ksi 382 kips | 457 kips | 382 kips | 457 kips | 382 kips | 457 kips
max. driving stress (from PDA) 38.2ksi | 33.4ksi | 36.1ksi | 37.0ksi | 38.3ksi | 32.7 ksi
factored geotechnical capacity (Case) 477 kips | 498 kips | 473 kips | 551 kips | 506 kips | 499 Kkips
factored geotechnical capacity (CAPWAP) | 449 kips | 472 kips | 468 kips | 530 kips | 474 kips | 468 kips

1.5.4 PennDOT (2013b)

PennDOT (2013b) reports a limited evaluation of the geotechnical capacity of H-piles in weak or soft
rock — identified as weak shale — in order to assess the implications of the use of 50 ksi (rather than 36
ksi) H-piles. PennDOT considered four data sets from Pub 15A: sheets 18, 23, 27 and 30; these are
summarized along with PennDOT’s findings in Table 5. For each case, a WEAP analysis (using
GRLWEAP) based on ‘current methodology’ (2013) was followed by a static analysis using actual soil
profiles. For F, = 36 ksi, the piles did not appear to overstress the rock strata nor exceed the service
settlement limit of 1 inch in any case (this is expected), although the analyses revealed some issues with

the data reported in Pub 15A.

Table 5 Summary of H-pile capacity in weak shale (PennDOT 2013b).

Pub 15A sheet no. 18 23 27 30
pile size 12x74 10x57 12x74 12x74
hammer type | 1CE-640 LB 520 LB 520 ICE-640
hammer rated energy | 40000 ft-Ibs | 26300 ft-lbs | 26300 ft-Ibs | 40000 ft-1bs

pile embedment 61.0 ft 315 ft 335 ft 35.5 ft
. . . 524 kips 340 kips 290 Kkips 480 Kips
ultimate capacity from static load test (Pub 15A) 240 Ksi 20.2 Ksi 13.3 Ksi 99 0 Ksi
total settlement at ultimate capacity (Pub 15A) 1.02 in. 0.67 in. 0.45in. 0.60 in.
. 575 kips 376 kips 340 kips 550 kips

WEAP capacity 26.4ksi | 22.4ksi 15.6 ksi 25.2 ksi

static analysis capacity 655 kip_s 376 kipg 298 kip_s 548 kip_s

30.0 ksi 22.4 ksi 13.7 ksi 25.1 ksi

The tests reported in sheets 18, 23 and 27 were stopped at displacements of 1 in. or less. This is
inadequate to ensure that the bedrock is fully engaged. For example, calibrating the pile tip displacement
(0.60 in.) with the static load test results, yield a static modulus of weak shale of only E; = 1884 ksf, well
below the typical minimum value for weak shale of 3000 ksf. This result, like those reported on sheets 23
and 27, indicates a test result dominated by pile friction rather than bearing capacity. PennDOT reports
that the 61 ft pile embedment for sheet 18 was too long to adequately assess tip capacity. Additionally,
sheets 23 and 27 report smaller hammers were used than would be used for production piles.

The test reported based on sheet 30 therefore provided the basis for most of PennDOT’s conclusions. In
this case the modulus of the weak shale was computed to be Es = 10,490 ksf, an appropriately sized
hammer was used and the bearing test was carried out to 1.45 in. (resulting in an ultimate capacity of 570
kips (26 ksi).

PennDOT (2013b) concludes that the net settlement limit of 1.0 in. (DM-4 §D10.5.2.2) does not to allow
for adequate development of the shaft friction or pile tip bearing resistance to develop the required
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ultimate geotechnical resistance. This was observed for 36 ksi piles in weak shale. When considering 50
ksi piles, either the pile capacity will increase for the same pile size or the pile size will decrease for the
same applied load. In either case, the pile shortening component of settlement will increase. [In theory,
the pile shortening component will increase by the ratio of capacity increase for the same pile size or by
the inverse of the pile area decrease for the same applied load.] PennDOT recommends revising
8D10.5.2.2 to increase the pile foundation settlement limits from 1.0 to 1.5 in. [Based on the limited
scope of the study, this recommendation should only be applied to ‘weak rock’ conditions. It is unlikely
to be an issue for stronger rock.] PennDOT additionally cites the ‘8% rule-of-thumb’ as further support
for increasing the settlement limit to 1.5 in. Finally, PennDOT (2013b) recommends more refined
reporting of geotechnical data for weak rock in order to more accurately assess settlement values.

1.6 H-Pile Design Criteria

1.6.1 Calculation of Factored Axial and Flexural Resistances of Pile Sections — DM-4 Table
6.15.3.2P-1

The following documents the calculations of axial, strong-axis and weak-axis flexural capacities, P,, M,
and My, respectively. All HP section data is that reported in AISC Steel Construction Manual (2011). In
this discussion gross section properties are assumed. PennDOT additionally considers pile capacity for
deteriorated piles having ‘1/16 inch section loss’ (DM-4 Table 6.15.3.2P-2). In the latter case, reduced
section properties are used in the design equations. Such reduction due to corrosion is discussed in
Section 1.6.7

1.6.2 AASHTO LRFD/DM-4 86.15.2 — Material Resistance Factors

The material resistance factors (¢) used for the calculation of steel H-pile capacity are provided in
86.5.4.2 and are summarized in Table 6.

Different ¢-values are used for axial resistance than for axial when combined with flexure. This is
because the lower values are applied only to sections of the pile “likely to experience damage”; these will
not be in regions (along the pile length) where combined loads are critical. The material resistance factors
for piles are based on recommendations of Davisson et al. (1983) with modifications to reflect current
design philosophy (AASHTO LRFD).
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Table 6 Material resistance factors for steel H-piles.

(290A785|0T18 o | DM SOL 483-13-12 SOL 483-14-04
261 2) (2007 & 2012) (2013) (2014) Table 6.15.2-1
For axial resistance of piles in ¢, = 0.35 with .
. . _ ¢ = 0.50 with P, = 0.66AF,
compression and subject to 6, = 0.50 with Pn = AFy

damage due to severe driving
conditions where use of a pile
tip is necessary

Pn = AsFy DM-4 8D10.7.8.5 requires driving tips for all point bearing and
end bearing piles driven into bedrock

For axial resistance of piles in
compression under good ¢, = 0.60 with | ¢. = 0.45 with
driving conditions where use P = AsFy P, = AFy

of a pile tip is not necessary

¢. = 0.60 with P, = 0.66AF,

For combined axial and

flexural resistance of ¢. = 0.70 with | ¢, =0.60 with _ . _
undamaged piles — axial Pn= Ay Pn= AFy ¢c = 0.70 with Py = 0.66AF,
resistance

For combined axial and
flexural resistance of
undamaged piles — flexural
resistance

¢, = 1.00 with
¢=1.00 +=0.85 Moy = ZiFy and M,,, = 1.55,F, (compact)
Moy = SxFy and M,, = 1.5S,F, (noncompact)

For resistance during pile

driving® ¢=1.00 ¢ =1.00

For piles bearing on soluble
bedrock (limestone, etc.), to
provide pile group
redundancy and limit the

not considered | ¢, = 0.25 with ¢, = 0.273 with ¢. = 0.273 with
in §6.5.4.2 Pn=AF, Pn = 0.66AF, P, = 0.66AF,

design stress to 9 ksi
A . 1.00 (36 ksi) _ _
810.7.8 Drivability Analysis 0.90 0.80 (50 ksi) ¢.=0.90 ¢.=0.90

Lit is assumed that §10.7.8 supersedes this AASHTO case. Since no mention of this entry is made in DM-4, it is
assumed that the AASHTO-prescribed value applies.

1.6.2.1 PennDOT application of resistance factors

The lower material resistance factors used by PennDOT are reported to be calibrated with load factors to
result in the same “factor of safety previously used by the Department” (DM-4 C6.15.2). SOL 483-14-04
modifies C6.15.3P as follows: “The factored compressive resistance for H-piles is established based on
historically achievable pile capacities from dynamic testing results and the Compilation of Pile Load Test
and Wave Equation Information, Publication 15A, an installed nominal compressive stress of 25.38 ksi,
and engineering judgment.”

The result of applying the lower material resistance factors (DM-4) and/or the 0.66 factor applied to axial
strength (SOLSs) is that the reliability associated with PennDOT practice is unknown although it is
considerably greater than that used in AASHTO.

Anecdotally, PennDOT appears to prescribe and use 4 = 1.0 in 86.9.4.1 (see section 1.6.3, below) for
[noncomposite] H-piles. However, it is noted that DM-4 does not modify AASHTO §10.7.3.13.1 which
prescribes 4 = 0 for composite piles, although these are not the focus of the present study. SOL 483-14-
04, Table 6.15.2-1 clearly prescribes the AASHTO (2010) resistance factors to be applied to be a nominal
axial capacity of 0.66AsF,. This results in effective reduction factors — relative to the theoretical capacity
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of a fully braced section, AsF, — lower than the previously prescribed DM-4 values (see Table 7, column
5) and 66% of those prescribed by AASHTO (column 6). Without having the explicit statistical variation
associated with both material resistance and applied loads, the resulting reliability may not be calculated.
An illustrative example of this calculation based on simple assumptions is provided in Appendix B. The
concern with the ‘dual factor’ approach taken by PennDOT is that it masks statistically anticipated
behaviour, promulgates mechanically incorrect design equations and results in misleading measures of
reliability. Nonetheless, the Research Team notes that the current PennDOT practice remains conservative
and represents no safety concerns.

Table 7 Effective material resistance factors for axial load.

1 2 3 Z 5 6
AASHTO | DM-4 | DM4 SOL 483-14-04 | SOL 483-14-04
(2014) | (2012) | AASHTO SOL 483-14-04 DM-4 AASHTO
0.50AF, | 0.35AF, | 070 | 0.50(0.66)AF, = 0.33AF, 0.94 0.66
0.60AF, | 045AF, | 075 | 0.60(0.66)AF, = 0.40AF, 0.89 0.66
10AF, | 085AF, | 085 | LO0(0.66)AF, = 0.66AF, 0.77 0.66

The 0.66 factor in is applied to axial stress only; no reduction is taken on the flexural stress component for
combined loading (see Table 6).

For piles bearing on soluble bedrock, the material resistance factor is calibrated to limit the bearing stress
to 9 ksi. Firstly, limiting the steel stress to 9 ksi results in a bearing stress less than this value since
friction is neglected. Secondly, limiting the pile steel stress to 9 ksi neglects the greater bearing area that
results when a pile tip is used. Regardless of these arguments, the Research Team recommends a clearer
statement in DM-4 to address this condition:

o for piles bearing on soluble bedrock the calculated net bearing stress shall not exceed 9 ksi.

1.6.3 AASHTO LRFD/DM-4 86.15.3 — Compressive Resistance of Piles

AASHTO LRFD/DM-4 §6.15.3 refers to §6.9.2.1 for calculation of P, as follows:
1. Section geometry is checked against compact plate buckling criteria given by Eq. 6.9.4.2-1:
36 ksi | 50 ksi
flanges b /2t <0.56,/E/F, 15.9 13.5

web (d—2k)/t, <149 E/Fy 42.3 35.9

For HP sections web slenderness is not a concern. The most slender gross section web is an HP 14x73
having a web slenderness of 22.2 while the most slender reduced section web is an HP 12x53 having a
slenderness of 30.7.

2. Calculate Axial Capacity per 86.9.4.1.

Although the notation has changed from 2007 to 2010, the calculation of axial capacity is effectively the
same: “[the equations given] are equivalent to the equations given in AISC (2010) [and 2005 and 2007]
for computing the nominal compressive resistance. The equations are written in a different format...”
(AASHTO LRFD 8§C6.9.4.1.1). However, the change in terminology from the A factor to the capacity
ratio P/P, appears to affect the calculated results for fully-supported piles. The ratio P,/P, can be shown
to be mathematically equivalent to A; therefore, the interpretation of §6.9.4.1 should remain consistent.
That is, Po/P. = 1. The change from a factor 0.66 to 0.658 has a negligible effect (0.3%).
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flange

slenderness
(see step 1)

AASHTO LRFD (2007)

AASHTO LRFD (2010 & 2014)

Q, =1415-0.74(b; /2t; )[F, JE

I:)n = Qs FyAs

(KR Po= QFAcand P, =" E_
x_(rnj E o= QR R =
Po/P, = A
Compact P, = 0.66'F,A, P, = 0.658" " F A,
member is designed according to AISC as | AASHTO LRFD 86.9.4.2.2:
follows (C6.9.4.1):
Slender | FOr 056,[E/F, <b( /2t; <1.03[E/F, |For 056,[E/F, <b; /2t; <103 [E/F,

Q, =1415-0.74(b; /2t; )[F, JE

I:)n = Qs FyAs

PennDOT SOL 483-14-04 Table 6.15.2-1 appears to set P, = 0.66F A, and Q, = 1.0 regardless of
slenderness. This is a conservative approach since calculated values of Q, for conventionally used pile
sections (Tables 8 and 9) do not fall below 0.82 (HP 12x53 having F, = 50 ksi and 1/16 section loss) in

any case.

1.6.4 AASHTO LRFD/DM-4 86.12.2.2.1 — Weak Axis Flexural Resistance of H-Piles

Weak axis flexural resistance, M,, is calculated as follows:

flange slenderness M
36 ksi | 50 ksi "
compact
ﬂar?ge b /2ty <0.38,/E/F, | 10.8 9.2 My, = M,, = 1.5S,F, (per C6.12.2.2.1)
from AASHTO LRFD Eq. 6.12.2.2.1-2:
noncompzct | ot <0.83,[E/F, | 236 | 200 |y _5 ¢ |1 (1.5 by /2t; -0.38,[E/F,

flange VI Z, | 045 fEF

y : \//y

There is some inconsistency in the AASHTO Equations presented. Where M, = 1.5S,F, for HP sections,
the equation for non-compact flanges implies a calculated reduction (the term in square brackets) to My,
calculated as M,, = Z,F,. It is the contention of the research team that, for the sake of continuity, the
noncompact equation for HP sections should be interpreted as follows:

Mn

Without this amendment, the effect of increasing F, on the computed value of M,, may be greater than the
increase in Fy itself since Z,/S, > 1.5 for all HP sections. Changing the Z,F, term in Equation 6.12.2.2.1-2

z

S b; /2t; —0.38./E/F
=1.5SyFy 1[1_3’}[ f/ f / y

y 0.45[E/F,

)

to M, would result in this equation being internally consistent. PennDOT SOL 483-14-04 Table 6.15.2-1

appears to set M, =1.5S,F, regardless of slenderness for fully braced piles. This may be non-conservative

for piles having non-compact flanges.
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1.6.5 AASHTO LRFD/DM-4 8A6.3.2 — Strong Axis Flexural Resistance of H-Piles

AASHTO LRFD/DM-4 86.12.2.2.1 refers to §6.10 for calculation of strong axis flexural resistance, Mp.
Calculations for M, are found in 8A6.3.2.

flange slenderness M
36 ksi | 50 ksi ™
compact
ﬂarf’ge b /2t; <0.38/E/F, | 108 | 9.2 M = Moy = Z,F,
from AASHTO LRFD Eqg. A6.3.2-2:
”Or]l‘l’;rznga"t b /2t <0.83JE/F, | 236 | 200 | \ _5 £ |q (1 075« by /2t —0.38,[E/F,
g nomey Z, 0.45.[E/F,

PennDOT SOL 483-14-04 Table 6.15.2-1 appears to set M, =Z,F, for compact and SyF, for non-compact
sections. This may be non-conservative for piles having non-compact flanges since the reduction factor in
the brackets of AASHTO Eqg. A6.3.2-2 is often less than the typical ratio S,/Z,. This effect is more

significant for those sections having reduced section dimensions.

1.6.6 Reduced Cross Sections Due to Assumed Effect of Corrosion

When vertical H-pile foundations are designed using COMP624P or LPILE, the capacity values given in
Tables 6.15.3.2P-1 and 6.15.3.2P-2 may be used. Table 6.15.3.2P-2 provides values for piles assumed to
have 1/16 in. section loss resulting from corrosion. The section loss is interpreted as 1/16 in. from all

exposed steel and therefore affects geometric parameters as indicated below:

dimensions that are reduced 1/8 in.:
dimensions that are reduced 1/16 in.: Kk, k;
dimension having no change:

d’ tW’ bf’ tf

T

Geometric properties are then calculated using the reduced dimensions. In this study the geometric
properties of the gross cross section are those reported in the AISC Steel Construction Manual Table 1-4.
Calculation of reduced properties neglects the area of the fillets at the web-flange interface.

The loss of section area affects the slenderness of the sections as indicated in Table 8. It has been
previously noted that webs are compact for all HP sections regardless of 1/16 in. section loss.

Table 8 Impact 1/16 in. section loss on flange slenderness.

gross section properties reduced section properties
HP axial flexure axial flexure
b 2t; : : ! | b2t : : . :
36 ksi | 50 ksi 36 ksi 50 ksi 36 ksi | 50 ksi | 36 ksi | 50 ksi
14x117 9.25 compact | compact compact | noncompact | 10.85 | compact | compact
14x102 | 10.49 | compact | compact compact noncompact | 12.64 | compact | compact
14x89 11.95 | compact | compact | noncompact | noncompact | 14.87 | compact | slender g g
14x73 14.44 | compact slender | noncompact | noncompact | 19.03 | slender | slender S E
12x84 8.97 compact | compact compact compact 10.87 | compact | compact § §
12x74 10.01 | compact | compact compact | noncompact | 12.46 | compact | compact ; ;
12x63 11.77 | compact | compact | noncompact | noncompact | 15.38 | compact | slender % %
12x53 13.84 | compact slender | noncompact | noncompact | 19.23 | slender | slender
10x57 9.05 compact | compact compact compact 11.48 | compact | compact
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Increasing F, from 36 to 50 ksi results in two HP sections becoming slender for axial load and three
additional HP sections becoming noncompact for flexure. When considering reduced sections, two HP
sections are slender for F, = 36 ksi and two additional HP sections at F, = 50 ksi. Regardless of strength,
all sections are noncompact for flexure when the reduced section is considered.

1.6.7 Calculation of Standard HP Section Capacities

Table 9 shows the impact of increasing F, from 36 ksi to 50 ksi and the impact of the 1/16 in. section
reduction on the AASHTO-prescribed (2014) nominal strengths P,, My, and M,,, of the nine standard pile
shapes provided in DM-4 Table 6.15.3.2P-1. The proportional impact is the same, regardless of consistent
load case (driving condition, etc.) used (i.e., regardless of o).

HP sections are inherently stocky (compact); thus, although a few sections go from being compact to
noncompact for flexure or become slender for axial loads (see Table 8), the effects are marginal. For
sections that are compact for both F, = 36 and 50 ksi, the ratio of capacities between members having
these strengths is 50/36 = 1.39. For noncompact or slender shapes, this ratio falls. The lowest value of this
ratio for the gross sections considered is 1.27 for an HP 14x73 which is also the least compact of the
members considered having by/2t; = 14.44. Similarly, for reduced sections a value of 1.21 is found for an
HP 12x53 having by/2t; = 19.23.

Although two sections are classified as slender for axial load, HP 14x73 and HP 12x53, the ‘degree of
slenderness’ has little effect on the axial capacity. The value of the reduction factor accounting for slender
compression elements, Qs for these gross sections having F, = 50 ksi is 0.97 and 0.99, respectively.

Capacity reductions associated with the 1/16 in. section reduction range from to 0.55 to 0.84.
1.6.8 Comparisons of AASHTO and DM-4 Calculated Capacities

As is evident throughout the foregoing discussion and as described in Tables 6 and 7, there are differences
between AAASHTO practice and those of PennDOT, as described by DM-4 and subsequent SOLs. These
involve the selection of material resistance factor, ¢, and the use of the 0.66 factor when calculating
nominal axial capacity. As a result, the differences in capacity between AASHTO and PennDOT practice,
as measured by the ratio of DM-4 to AASHTO- prescribed capacities varies from load case to load case.

Tables 10a and 10b report H-pile capacities (F, = 50 ksi) reported in revised (per SOL 483-14-04) DM-4
Tables 6.15.3.2P-1 and 6.15.3.2P-2, respectively. These values are compared to those calculated using
AASHTO (2014) provisions (i.e., nominal capacities given in Table 9). Table 10 therefore represents
current (August 2014) practice. Tables 11a and 11b repeat the comparison for capacities reported in DM-
4 (2010) using F, = 36 ksi. Geometric section properties used in all calculations are those reported in
Tables 6.15.3.2P-1 and 6.15.3.2P-2. There is no AASHTO-comparable case to the DM-4 “soluble rock”
case which is based on an allowable bearing stress of 9 ksi in any case.
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Table 9 Impact of increasing F, from 36 ksi to 50 ksi and prescribed 1/16 in. section reduction on
AASHTO-prescribed (2014) nominal axial and flexural capacities of HP sections.

= P.=AF, M (see 1.6.5) My, (see 1.6.4)

HP Y gross | reduced P /P gross | reduced | M,/ gross | reduced | M,/

ksi kips Kips "N Kip-ft | kip-ft Mixg Kip-ft | Kip-ft Mg

36 1238 1034 0.84 582 485 0.83 268 222 0.83

14x117 50 1720 1436 0.84 806 636 0.79 371 292 0.79
50/36 1.39 1.39 1.38 1.31 1.38 1.32

36 1084 878 0.81 507 388 0.76 231 178 0.77

14x102 50 1505 1219 0.81 671 501 0.75 307 231 0.75
50/36 1.39 1.39 1.32 1.29 1.33 1.30

36 940 738 0.79 423 302 0.71 193 139 0.72

14x89 50 1305 983 0.75 550 384 0.70 252 178 0.70
50/36 1.39 1.33 1.30 1.27 1.31 1.28

36 770 524 0.68 317 201 0.63 145 93 0.64

14x73 50 1039 657 0.63 404 244 0.60 186 114 0.61
50/36 1.35 1.25 1.27 1.21 1.28 1.23

36 886 713 0.81 360 288 0.80 156 124 0.80

12x84 50 1230 991 0.81 500 377 0.75 216 163 0.76
50/36 1.39 1.39 1.39 131 1.38 131

36 785 615 0.78 315 235 0.75 137 102 0.74

12x74 50 1090 854 0.78 424 304 0.72 185 132 0.72
50/36 1.39 1.39 1.35 1.29 1.35 1.29

36 662 492 0.74 257 170 0.66 111 74 0.67

12x63 50 920 644 0.70 335 215 0.64 145 94 0.65
50/36 1.39 131 1.30 1.26 1.31 1.27

36 558 356 0.64 202 117 0.58 87 51 0.59

12x53 50 767 446 0.58 259 142 0.55 112 63 0.56
50/36 1.37 1.25 1.28 1.21 1.29 1.24

36 605 462 0.76 200 149 0.75 89 66 0.75

10x57 50 840 642 0.76 277 195 0.70 123 87 0.70
50/36 1.39 1.39 1.39 1.31 1.38 1.32
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Table 10a Comparison of DM-4 (as revised by SOL 483-14-04) and AASHTO factored capacities for gross section properties and F, = 50 ksi.

axial resistance, P,str

combined axial and flexural resistance

severe driving conditions | good driving conditions S?L“C?('e P, (Kips) M (Kip-ft) M,y (Kip-ft)
DM-4 AasHTO | DML DM-4 AasHTO | DN DM-4 DM-4 AASHTO | o2 | DM AASHTO | P2 DM4 | AASHTO | D2
Pn or M, (compact) ARy ARy AFy Z,Fy Z,Fy 1.5S,F,
o or My (noncompact) | 552 | Qacr, 086AF, [ o, 0B6AF, | 0.66AF, [ 5 o Sk | o L5SFy | e
¢ 0.50 0.50 0.60 0.60 0.273 0.70 0.70 1.00 1.00 1.00 1.00
14x117 568 860 0.66 681 1032 0.66 310 795 1204 0.66 711 806 0.88 372 380 0.98
14x102 497 752 0.66 596 902 0.66 271 695 1053 0.66 619 671 0.92 321 315 1.02
14x89 431 652 0.66 517 782 0.66 235 603 913 0.66 538 550 0.98 277 257 1.08
14x73 353 520 0.68 424 624 0.68 193 494 728 0.68 439 404 1.09 224 189 1.19
12x84 406 615 0.66 487 738 0.66 222 568 861 0.66 492 500 0.98 216 216 1.00
12x74 360 545 0.66 432 654 0.66 196 504 763 0.66 385 424 0.91 190 189 1.01
12x63 304 460 0.66 364 552 0.66 166 425 644 0.66 324 335 0.97 158 148 1.07
12x53 256 384 0.67 307 461 0.67 140 358 538 0.67 272 259 1.05 132 114 1.16
10x57 277 420 0.66 333 504 0.66 151 388 588 0.66 273 277 0.99 123 123 1.00

Table 10b Comparison of DM-4 (as revised by SOL 483-14-04) and AASHTO factored capacities for reduced section properties and F, = 50 ksi.

axial resistance, P,str

combined axial and flexural resistance

soluble

severe driving conditions | good driving conditions rock P, (kips) M (Kip-ft) M,y (Kip-ft)
DM-4 AASHTO AEQ/IT-#O DM-4 AASHTO Agé\/liH—jT'O DM-4 DM-4 AASHTO A%’O DM-4 AASHTO A%’O DM-4 AASHTO A%’O
P, or M, (compact) AsFy ARy AsFy ZFy ZFy 1.55,F,
P, o M, (noncompact) 0.66AF, QAGF, 0.66AF, QAGF, 0.66AF, | 0.66AJF, QAGF, SF, A6E3q.2_2 1.55F, =
o) 0.50 0.50 0.60 0.60 0.273 0.70 0.70 1.00 1.00 1.00 1.00
14x117 474 718 0.66 569 862 0.66 259 664 1005 0.66 603 636 0.95 309 298 1.04
14x102 402 610 0.66 483 732 0.66 220 563 854 0.66 512 501 1.02 260 235 1.11
14x89 338 492 0.69 406 590 0.69 185 474 689 0.69 430 384 1.12 217 180 1.21
14x73 261 328 0.80 313 394 0.80 143 366 459 0.80 332 244 1.36 166 116 1.43
12x84 327 496 0.66 392 595 0.66 178 458 694 0.66 357 377 0.95 173 167 1.04
12x74 282 427 0.66 338 512 0.66 154 395 598 0.66 308 304 1.01 148 135 1.10
12x63 225 322 0.70 271 386 0.70 123 316 451 0.70 246 215 1.14 117 95 1.23
12x53 178 223 0.80 214 268 0.80 97 250 312 0.80 195 142 1.37 92 63 1.46
10x57 212 321 0.66 254 385 0.66 116 297 449 0.66 189 195 0.97 94 88 1.07
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Table 11a Comparison of DM-4 (2010) and AASHTO factored capacities for gross section properties and F, = 36 ksi.

axial resistance, P,str

combined axial and flexural resistance

severe driving conditions sc;'é‘ckl’('e P, (kips) M., (kip-ft) M,y (Kip-ft)
DM-4 AASHTO | DM DM-4 DM-4 AASHTO | DML | DM AASHTO | P2 DM4 | AASHTO | D2
P, or M, (compact) AsFy ARy Z,F, Z,Fy 1.55,F,
P, or M, (noncompact) AFy Q:ASFy AFy AFy QASFy S.Fy Eq. A632:2 15S,Fy 612oh 12
¢ 0.35 0.50 0.25 0.60 0.70 0.85 1.00 0.85 1.00

14x117 434 619 0.70 310 743 867 0.86 495 582 0.85 228 268 0.85
14x102 378 540 0.70 270 648 756 0.86 431 507 0.85 197 231 0.85
14x89 329 470 0.70 235 564 658 0.86 334 423 0.79 169 197 0.86
14x73 270 385 0.70 193 462 539 0.86 273 317 0.86 137 148 0.94
12x84 310 443 0.70 221 531 620 0.86 306 360 0.85 132 156 0.85
12x74 275 392 0.70 196 471 549 0.86 268 315 0.85 116 137 0.85
12x63 232 331 0.70 166 397 463 0.86 202 257 0.79 97 113 0.86
12x53 195 279 0.70 140 335 391 0.86 170 202 0.84 81 89 0.91
10x57 212 302 0.70 151 363 423 0.86 170 200 0.85 75 89 0.84
10x42 156 223 0.70 112 268 312 0.86 111 140 0.79 54 63 0.86

Table 11a Comparison of DM-4 (2010) and AASHTO factored capacities for reduced section properties and F, = 36 ksi.

axial resistance, P,str

combined axial and flexural resistance

Se‘c’gr':fjgirc')‘r’l'sng soluble P, (Kips) My, (Kip-ft) M,y (Kip-ft)

DM-4 AASHTO A,IEA)Q/I*H—'LI"O DM-4 DM-4 AASHTO AADS%ZIEO DM-4 AASHTO A,E)évliH-‘?'o DM-4 AASHTO AADS’\/IT-'?'O

P, or M, (compact) AsFy ARy ZFy ZFy 1.55,F,

P, or M, (noncompact) AFy QASFy Ay Ay Q:AsFy S,Fy Eq.A632:2 15S,Fy 12 g0

¢ 0.35 0.50 0.25 0.60 0.70 0.85 1.00 0.85 1.00
14x117 362 517 0.70 259 620 724 0.86 369 485 0.76 189 226 0.84
14x102 307 439 0.70 219 527 615 0.86 313 388 0.81 159 181 0.88
14x89 258 369 0.70 185 443 517 0.86 263 302 0.87 133 141 0.94
14x73 199 262 0.76 142 342 367 0.93 203 201 1.01 101 94 1.07
12x84 250 357 0.70 178 428 500 0.86 219 288 0.76 106 127 0.84
12x74 215 306 0.70 153 368 428 0.86 188 235 0.80 90 103 0.87
12x63 172 246 0.70 123 295 344 0.86 151 170 0.89 72 75 0.96
12x53 136 178 0.76 97 234 249 0.94 119 117 1.02 56 52 1.08
10x57 162 231 0.70 116 277 323 0.86 116 149 0.78 57 67 0.85
10x42 107 150 0.71 77 183 210 0.87 77 82 0.94 37 37 1.00
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A number of observations are made when comparing DM-4 and AASHTO prescribed capacities.
1.6.8.1 Current (DM-4 as modified by SOL 483-14-04) practice (Table 10)

1. DM-4 does not differentiate between compact and slender axial capacity. As a result the ratio of DM-
4 prescribed capacity to that of AASHTO (2014) (DM-4/AASHTO in Table 10) varies from 0.66 (for
all compact sections) to as high as 0.80 for corroded slender sections HP14x73 and HP12x53. Thus a
uniform additional ‘factor of safety’ or ‘reliability’ over and above AASHTO-prescribed capacities is
not achieved.

2. The simplification of using ZsF, and SyF, for capacities of compact and noncompact sections when
determining strong axis flexure (M,y) result in non-conservative capacities for noncompact members
(noted in red text in Table 10). This results from the ratio S,/Z, being greater than the reduction
coefficient given by AASHTO LRFD Eg. A6.3.2-2 (see 1.6.5). This effect is particularly pronounced
when reduced sections (Table 10b) are considered. For the most slender members (HP14x73 and
HP12x53) the overestimation of strong axis flexural capacity made by DM-4 is as high as 37%.

3. The simplification of using 1.5S,F, regardless of slenderness when determining weak axis flexure
(M) result in non-conservative capacities for noncompact members. This results from the ratio Z,/S,
being greater than 1.5 for all HP shapes. This effect is particularly pronounced when reduced sections
(Table 10b) are considered. For the most slender members (HP14x73 and HP12x53) the
overestimation of weak axis flexural capacity made by DM-4 is as high as 46%.

1.6.8.2 Previous DM-4 (2010) practice (Table 11)

1. The ratios of DM-4 prescribed capacity to that of AASHTO (2007, 2010 or 2014) (DM-4/AASHTO
in Table 11) essentially follow the ratio of prescribed material resistance factors (i.e., 0.35/0.50 = 0.70
and 0.60/0.70 = 0.86). Because DM-4 does not differentiate between compact and slender axial
capacity, small variations to this ratio result.

2. The simplifications used by DM-4 in calculating flexural capacity and the resulting differences with
AASHTO are the same as noted above (items 2 and 3 in Section 1.6.8.1). However the application of
¢ = 0.85 prescribed by DM-4 results in reduced DM-4/AASHTO capacity ratios. Only those sections
that are noncompact for F, = 36 ksi (HP14x73 and HP12x53) have ratios greater than unity and only
for the reduced sections (Table 11b).

1.6.8.3 Comparison of pre- and post-SOL 483-14-04 DM-4 capacities

Table 9 provides the ratios of capacities attributed to increasing F, from 36 to 50 ksi. As described in
section 1.6.7, this value is 1.39 for compact sections and falls to as low as 1.21 for noncompact sections
having reduced sections.

Table 12 summarizes the normalized pile capacity prescribed by DM-4. The ratios presented are the
capacities post-SOL 483-14-04 (i.e., current capacity) to the pre-SOL capacity (i.e., 2010). In order to
normalize for increasing F, from 36 to 50 ksi, the pre-SOL capacity is multiplied by the 50/36 ratio
reported in Table 9. In this manner both the increased yield strength and changes to section slenderness
(Table 8) are accounted for.

As illustrated in Table 12, the normalized axial capacity has fallen (i.e., DM-4/SOL > 1.0) with the
adoption of SOL 483-14-04. For combined axial and flexural loads, the current (SOL 483-14-04)
normalized axial capacity is approximately 77% that of DM-4 (2010). This is an indication that the SOL
provisions are not permitting the increase in pile yield strength to be effectively utilized to resist axial
load. The normalized moment capacity, on the other hand has increased substantially (i.e., DM-4/SOL <
1.0): by as much as 35% for the noncompact sections having reduced sections.

In either case, the combination of changes made as part of SOL 483-14-04 has resulted in changes to the
cross section capacity utilization, that is, the structural efficiency, of the HP sections used.
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Table 12a Comparison of pre-and post-SOL 483-14-04 gross section capacities normalized for steel yield strength.

axial resistance, P str

combined axial and flexural resistance

severe driving conditions P, (Kips) M (Kip-ft) My, (Kipft)

Do | ES [ s | G| [ EES [ sow | G | g [ SRES [ s | O | g [ SRR [ as | O
Fy (ksi) 36 50 36 50 36 50 36 50

Table ref: 11 10 9 11 10 9 11 10 9 11 10 9
14x117 434 568 1.39 1.06" 743 795 1.39 1.30 495 711 1.38 0.96 228 372 1.38 0.85
14x102 378 497 1.39 1.06 648 695 1.39 1.30 431 619 1.32 0.92 197 321 1.33 0.82
14x89 329 431 1.39 1.06 564 603 1.39 1.30 334 538 1.30 0.81 169 277 1.31 0.80
14x73 270 353 1.35 1.03 462 494 1.35 1.26 273 439 1.27 0.79 137 224 1.28 0.78
12x84 310 406 1.39 1.06 531 568 1.39 1.30 306 492 1.39 0.86 132 216 1.38 0.84
12x74 275 360 1.39 1.06 471 504 1.39 1.30 268 385 1.35 0.94 116 190 1.35 0.82
12x63 232 304 1.39 1.06 397 425 1.39 1.30 202 324 1.30 0.81 97 158 1.31 0.80
12x53 195 256 1.37 1.04 335 358 1.37 1.28 170 272 1.28 0.80 81 132 1.29 0.79
10x57 212 277 1.39 1.06 363 388 1.39 1.30 170 273 1.39 0.87 75 123 1.38 0.84

! example calculation: (434x1.39)/568 = 1.06
Table 12b Comparison of pre-and post-SOL 483-14-04 reduced section capacities normalized for steel yield strength.
axial resistance, P str combined axial and flexural resistance

severe driving conditions P, (Kips) M (Kip-ft) My, (Kipft)

Dot | Geer | e | om | oois | pe | wws | Gaf | one [ ] ems | Qe | oho |G| am | oo
F,(ksi) | 36 50 36 50 36 50 36 50

Table ref: 11 10 9 11 10 9 11 10 9 11 10 9
14x117 362 474 1.39 1.06 620 664 1.39 1.30 369 603 1.31 0.80 189 309 1.32 0.81
14x102 307 402 1.39 1.06 527 563 1.39 1.30 313 512 1.29 0.79 159 260 1.30 0.80
14x89 258 338 1.33 1.02 443 474 1.33 1.24 263 430 1.27 0.78 133 217 1.28 0.78
14x73 199 261 1.25 0.95 342 366 1.25 1.17 203 332 1.21 0.74 101 166 1.23 0.75
12x84 250 327 1.39 1.06 428 458 1.39 1.30 219 357 1.31 0.80 106 173 1.31 0.80
12x74 215 282 1.39 1.06 368 395 1.39 1.29 188 308 1.29 0.79 90 148 1.29 0.78
12x63 172 225 1.31 1.00 295 316 1.31 1.22 151 246 1.26 0.77 72 117 1.27 0.78
12x53 136 178 1.25 0.96 234 250 1.25 1.17 119 195 1.21 0.74 56 92 1.24 0.75
10x57 162 212 1.39 1.06 277 297 1.39 1.30 116 189 1.31 0.80 57 94 1.32 0.80
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1.7 Geotechnical Resistance of Driven Piles

The geotechnical resistance of a driven pile is the ultimate capacity of the supporting soil and/or rock
layers for carrying the design load. For an end-bearing pile, the ultimate geotechnical capacity is the sum
of the tip bearing resistance and skin friction of the pile. Adequate geotechnical data is required to ensure
an accurate estimation of the geotechnical resistance of a pile. According to AASHTO LRFD 810.4.2, an
extensive subsurface exploration of the soil deposits and/or rock formations is needed to analyze
foundation stability and settlement. A subsurface study should contain information about the: present
geotechnical formation(s), location and thickness of soil and rock units, engineering properties of soil and
rock units (such as unit weight, shear strength and compressibility), groundwater conditions, ground
surface topography, and local considerations (such as liquefiable, expansive or dispersive soil deposits,
underground voids from solutions weathering or mining activity or slope instability). Static analysis
methods are empirical and semi empirical and are used to determine the ultimate axial capacity of a single
pile and pile group. Static analysis methods use the soil strength and compressibility properties to
determine pile capacity and performance from which the number of piles and pile lengths may be
determined.

There are different static analysis methods introduced for determining the nominal bearing resistance of
piles. PennDOT DM-4 810.7.3.8.6 prescribes the use of methods such as: a — method, B — method, A —
method, Nordlund/ Thurman method, and the SPT or CPT methods. Hannigan et al. (2006) classifies the
use of different static analysis methods for cohesionless and cohesive soils.

1.7.1 AASHTO LRFD/DM-4 810.7.3.8.6 — Pile Bearing Resistance
The factored pile bearing resistance, Ry is the sum of the pile tip and side resistances:

Rr = ¢Ry = ¢staRp + dstaRs (3)
Where R, = pile tip resistance: R, = qpA,

Rs = pile side resistance: Rs = gsA;

In which g, and g are the unit tip and side resistances, respectively; and A, and A, are the area of the pile
tip and the surface area of the pile side, respectively. ¢ is the resistance factor for the bearing resistance
of a single pile specified in DM-4 Table 10.5.5.2.3-1 (repeated here as Table 13).

Table 13 Resistance factors for single driven piles, ¢« (DM-4 Table 10.5.5.2.3-1).

a-method Gt = 0.70

clay or mixed soils [3-method Pstar = 0.50
A-method (Vijayvergiya & Focht 1972) Pstat = 0.55

Nordlund/Thurman Method Pstar = 0.50

sandy soils SPT-method Pstar = 0.45
CPT-method Pstar = 0.55

1.7.2 Static analysis methods for determining nominal bearing resistance of piles in cohesionless soils

The nominal bearing capacity of piles in cohesionless soils depends on the relative density of the soil. The
driving forces increase the relative density of the soil around the pile-soil interface and, as a result, the
bearing capacity of the pile increases. The type of pile has an impact on the relative density of soil: piles
with large displacement (precast concrete piles) increase the relative density of cohesionless material
more than low displacement steel H-piles (Hannigan et al. 2006; i.e., FHWA NHI-05-042). The different
static methods promulgated by DM-4 for cohesionless soils are summarized below and in Table 14.
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S — Method — This method is used to calculate the bearing resistance of piles in cohesionless, cohesive,
and layered soils. This is an effective-stress based method which is developed to model the long term
drained shear strength conditions.

A — Method - This method estimates the undrained skin friction considering the length of a pile
incorporating both the effective overburden stress and the undrained shear strength of the soil. This
method relates the unit skin resistance to short term passive earth pressure.

Nordlund Method — This method is based on field observations and considers the shape of pile taper and
its soil displacement in calculation the shaft resistance. The method also accounts for the differences in
soil-pile coefficient of friction for different pile materials. The method is based on the results of several
load test programs in cohesionless soils. The piles used to develop the method’s design curves had widths
in the range of 10-20 inches. The Nordlund method tends to overpredict pile capacity for piles with
widths greater than 24 inches.

Meyerhof Method — This method is based on standard penetration test (SPT) data

Nottingham and Schmertmann Method — This method is based on the Cone Penetration Test (CPT) data
and it is used for both cohesive and cohesionless soils.

Table 14 Summary of static analysis methods for piles in cohesionless soils.

Method

AASHTO (2010)
NHI-05-042
(2006)

Tip resistance

Side resistance

Parameters

B _
Method

10.7.3.8.6¢
9.7.13

>

0p = Npo'p

gs = fo’y

Nj, = tip bearing capacity coefficient

o’y = effective overburden pressure at the pile tip
f = an empirical coefficient

o’y = vertical effective stress

A - method

10.7.3.8.6d

Qs = Mo’y + 2Su)

S, = undrained shear strength
(o', + 2S,) = passive lateral earth pressure
A = an empirical coefficient

Nordlund/
Thurman
method

10.7.3.8.6f
9.7.1.1c

Qo = atquO'}v <qL

sin(6 + w)

= KsCro
Qs S“FLY v COS

oy = coefficient

N’y = bearing capacity factor

. = limiting unit tip resistance

K; = coefficient of lateral earth pressure at mid-
point of soil layer

Ck = correction factor for Ks when & # ¢s

o = angle of pile taper from vertical

¢ = friction angle between pile and soil

Meyerhof
Method
(ksf units)

10.7.3.8.69
9.7.1.1a

ap =

_ 08(N1e0)Dy _
D

L

N1go = representative SPT blow count near pile tip
D = pile width or diameter

Dy, = depth of penetration in bearing strata

g, = limiting tip resistance taken as 8N14, for sands
and 6N1¢, for nonplastic silt (ksf)

Nottingha
m Method

10.7.3.8.69
9.7.1.7b

dp = 0.5(0c1+0c2)

1 = average static cone tip resistance over a
distance yD below the pile tip

2 = average static cone tip resistance over a
distance 8D above the pile tip

K = correction factor for clays and sands

L; = depth to middle of length interval i

D; = pile width or diameter

fs; = unit sleeve friction resistance from CPT

as = pile perimeter

h; = length interval

N; = intervals between ground surface 8D below
ground surface.

N, = intervals between 8D below ground surface
and pile tip
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1.7.3 Static analysis methods for determining nominal bearing resistance of piles in cohesive soils

The bearing resistance of a pile in cohesive soil is the sum of the tip resistance and skin friction (or shaft
resistance). However the shaft resistance of piles driven in cohesive soils is frequently as much as 80 to
90% of the total capacity. The pile design load should be supported by soil resistance developed only in
soil layers that contribute to long term load support. The soil resistance from soils subjected to scour, or
from soil layers about soft compressible soils should not be considered (Hannigan et al. 2006). The
different static methods promulgated by DM-4 for cohesive soils are summarized below and in Table 15.

a — Method - This is a total stress method used to calculate the ultimate capacity of undrained cohesive
soil using the shear strength of the soil. This method assumes that the shaft resistance is independent of
the effective overburden pressure.

B — Method — This method is used to calculate the bearing resistance of piles in cohesionless, cohesive,
and layered soils. This is an effective-stress based method which is developed to model the long term
drained shear strength conditions.

Nottingham and Schmertmann Method — This method is based on the Cone Penetration Test (CPT) data
and it is used for both cohesive and cohesionless soils.

Table 15 Summary of static analysis methods for piles in cohesive soils.

AASHTO
LRFD (2010) S . o .
Method NH1-05-042 Pile tip resistance | Pile side resistance Parameters
(2006)
10.7.3.8.6b _ _ o = adhesion factor applied to S,
o — method 9.7.1.2a Gp = 9ISy Gs = aSy S, = undrained shear strength
N, = tip bearing capacity coefficient
10.7.3.8.6¢ _ , o, o’y = effective overburden pressure at the pile tip
B —Method 9.7.1.3a Ao = Noo'’p A5 =po’y S = an empirical coefficient
o’y = vertical effective stress
gc1 = average static cone tip resistance over a distance yD
below the pile tip
Nottingham- 10.7.3.8.69 _ — g Jc2 = average static cone tip resistance over a distance 8D
Method 9.7.1.7b % = 0.5(0c1+cz) Rs = afsihs above the pile tip

o' = Ratio of pile shaft resistance to cone sleeve friction
A, = pile-soil surface area over f; depth interval

1.7.4 Nominal bearing capacity of piles on rock

Pile foundations on rock are designed to support large loads. The determination of load capacity of driven
piles on rock should be made on the basis of driving observations, local experience and load tests. Except
for soft weathered rock, the structural capacity of the pile will generally be lower than the capacity of
rock to support loads for toe bearing piles on rock of fair to excellent quality; therefore the allowable
design stress for the pile material will govern the pile capacity in many cases (Hannigan et al. 2006).

According to AASHTO LRFD/DM-4 §10.7.3.2.2, piles supported on soft rock should be designed similar
to piles supported on soils and the bearing resistance should be estimated as described in §10.7.3.8 or by
geotechnical analysis to determine the limiting resistance as either the structural resistance or the
geotechnical resistance (see above). Revision to DM-4 C10.7.3.2.2 defines “soft or weak rock” as rock
having uniaxial compressive strength less the 500tsf (6.95ksi).
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1.8 Dynamic Analysis of Piles (WEAP)

Wave equation analysis of pile driving (WEAP) is a numerical method for assessing the driving
behaviour of driven piles. WEAP predicts the pile capacity versus blow count relationship, the so called
bearing graph, and pile driving stress. A WEAP model represents the pile driving hammer and its
accessories (ram, cap, and cap block) and the pile, as a series of lumped masses and springs in a one-
dimensional analysis. The soil response for each pile segment is modelled as being viscoelastic-plastic.
The conceptual one-dimensional WEAP model is shown in Figure 1.

hammer —
. !
anvil —

pile

side
friction

— point resistance
Figure 1 Conceptual representation of WEAP analysis.

WEAP analyses are often used to conduct a drivability analysis to select the parameters for safe pile
installation, including recommendations on cushion stiffness, hammer stroke and other driving system
parameters that optimize blow counts and pile stresses during pile driving. For a single hammer blow, a
WEAP analysis may (Lowery 1993):

1. predict the driving stresses induced in the pile
2. determine the resulting motion of the pile
3. determine the resistance to penetration afforded by the soil

With this information, the following engineering questions may be addressed (Lowery 1993):

1. can the given hammer drive the pile to the required depth?

2. what rate of penetration will be provided; i.e.: how long will it take to drive the pile?
3. what is the maximum penetration that may be achieved?

4. will excessive stresses occur in the pile during driving?

The primary objective of a dynamic analysis, relevant to this study, is to determine whether a pile is
overstressed when driven to a capacity equal to the factored axial resistance increased by a resistance
factor. For this purpose, the present study will used GRLWEAP software (PDI 2010) and focused on the
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computation of the bearing graphs, and to a lesser extent the drivability analysis, in addressing these
issues. The WEAP analysis requires as input information regarding the hammer, pile, and soil column.

The steps involved in a WEAP analysis are the following (FHWA 2003):

determine the pile length.

determine the distribution and magnitude of side friction.

determine damping factors: Case or Smith skin damping, skin quake for soils and rocks.
hammer selection, helmet and cushion properties.

permissible driving stress.

compute ultimate capacity and maximum driving stress.

ok whE

In an analysis, the major engineering effort lies in steps (2) and (3). These steps require the incorporation
and interpretation of geotechnical information. Not only is it necessary to calculate the static resistance
and its distribution; but also additional dynamic soil resistance parameters, damping and quake, both at
the shaft and toe must be estimated.

For step (2), the piles considered in this study were be primarily end-bearing but some shaft skin friction
was be present during driving. The skin friction can be quickly computed using the FHWA computer
program DRIVEN 1.2, a 32 bit Windows program, which supports the application for H piles. DRIVEN
provides the pile bearing capacity with depth in terms of the contributions from skin friction and end
bearing. It also facilitates the creation of an input file for GRLWEAP for drivability analysis by
computing the friction loss/gain factor. DRIVEN program follows the methods and equations presented
by Nordlund (1963), Thurman (1964), Meyerhof (1976), Cheney and Chassie (1982), Tomlinson (1986),
and Hannigan, et.al. (1997).

Illinois DOT (2009) suggests the use of the IDOT static method with pile-type correction factors as being
more accurate than DRIVEN, and suggests that the WSDOT formula be used to replace the FHWA
formula. For the objectives of the present study, the issue of accuracy is not an issue since our interest is
the likelihood of pile overstress for a given capacity requirement. FHWA NHI-04-041 (Hartle et al. 2003)
provides a detailed example showing how to go from computed static capacity to drivability analysis.

For step (3), in the application for bearing graphs, average shaft damping values are used. GRLWEAP-
suggested quake and damping values, along with those used by PennDOT (2012) and those recommended
by DM-4 8§10.7.3.8.4bP are listed in Tables 16 and 17. The present study will address these values as
input parameters and identify the sensitivity of resulting pile stresses to each.

Table 16 Recommended quake values for impact driven piles.

uake (in.)
soil type pile type or size PennDOT | DM-4
GRLWEAP |~ 2012) | (2010
shaft quake all soil types all pile types 0.10 0.10 0.10
all soil types, soft rock non-displacement piles 0.10 - 0.10
very dense or hard soils . . . D/120 - D/120
toe quake soils that are not dense or dlsp!acement p'I?S having

hard diameter or width D D/60 - D/60

hard rock all pile types 0.04 0.05 0.05
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Table 17 Recommended damping values for impact driven piles.

damping factor (s/ft)
soil type PennDOT DM-4 (2010)
GRLWEAP (2012)
non-cohesive soils 0.05 0.05 0.05
shaft damping cohesive soils 0.20 - 0.20
rock (end or point bearing piles) - - 0.05
toe damping cohesive or non-cohesive soils 0.15 - 0.15
rock (end or point bearing piles) 0.15" 0.10 0.10

Timplied by term “all soil types”

In the present study, typically-available/used hammers were used (step 4). These are listed in Section
3.2.2 (Table 19). The allowable driving stress for the H-pile has been addressed in the preceding sections.

1.8.1 Sample GRLWEAP Analysis

Figure 2a shows a sample input to generate bearing graph for a H14X73 pile. Figure 2b shows the
resulting bearing graph (capacity vs. blow count) and maximum pile stresses predicted.

145 Ton Design, HP 14X73
Hammer Information
Solect from following et (2/ez/zm3zonz; 0 |EXEEE -
o] ‘ Name ‘ Type | Fiam Wit | Energy/Power | - % z
2 DELMAG D 8-22 OED 1.7600 20.099 g %
3 DELMAG D 12 OED 27500 22 605 E g
4 DELMAG D 15 OED 3.3000 27.093 ke = /k_f__/ @
Mlem e Uliimate Capacities (up ta 10) H .,/ i
Efficiency m kips 8 z :
Pressue [EXGIR s [Fieed % [lco.0 [ 360.0 :
f = N 120.0 G 420.0 |
Stioke M t W ariable
N 180.0 -l 480.0 0
Pile: material 92400 g m
" Cancrete * Steel " Timber Bl 300.0 i 600.0 R e
o
Incr Action >» Ll
Cushion Information _ 4 ©
bl A3 Sail Paramters —
7 nd Toe - Ho
Area 283.5 0. ::' 2 Quake
Elastic Modulus E:: - 0. &
Shaft Const
Thickness _ 0. i . m " I .
con [OONM o ek 0 A O I v
Stiftness 0. | 0. Kipsin - z — =
Helmet Weight EXEI " Damping 3 - 5
e Shaft m s/t |Const = -ﬂ. I
File Information £ u | ] @
Length ¢ e Seover:| | 'o (ENEE ot [ B .
. = i 1
Penetiation [N " |hute. Slength = !
a e Shaft Resistance 1
Section Area in"2 fhuto. 5-5E W P
_ : Pessiess O
Elast Modulus  ETITTONE ksi |0 Splices
Specweight RPN b3 T i L1114 ~
Toe frea [EXM 2 PieType Dist. Shape Hum 0o j
Peiimeter 4699 [EDT
Pile Size m in Fiesidual Stress Analysis: Mo

0 200 400 €00 800 1000 1200

RAlnw Cannt (Rl

a) input user interface b) bearing and pile stress graphs
Figure 2 GRLWEAP example input and output.
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1.9 Summary of Literature Review

This study addresses the potential impacts of increasing the design strength of H-piles from F, = 36 ksi to
F, =50 ksi. As a baseline for comparison, AASHTO (2007, 2010 and 2014) design capacities for fully-
braced H-piles subject to severe driving conditions where use of a pile tip is necessary are given as: ¢.P,
= pAgFy = 0.50A4(50) = A4(25 ksi). By contrast, prior to 2014, PennDOT (DM-4 2007. 2012) H-pile
capacity was based on F,= 36 ksi and given as: ¢.P, = ¢:AjF, = 0.35A4(36) = Ay(12.6 ksi) despite H-pile
being essentially only available with F, = 50 ksi. When permitting the use of F, = 50 ksi in design,
PennDOT SOL 483-14-04 prescribes: ¢.P, = ¢ 0.66A4F, = 0.50(0.66)A4(50) = A4(16.5 ksi).

Most available literature identifies the steel pile capacity, rather than the geotechnical capacity, as being
the dominant limit state for bearing pile design. This conclusion may reflect the degree of conservatism
inherent in geotechnical capacity calculations. In this case, the following issues have been identified as

being potentially impacted by increasing the design strength of steel H-piles from F, = 36 ksi to F, = 50
ksi.

Structural steel ductility and local stability (section slenderness) — Although the higher yield strength
improves stability and yield checks, the higher yield strength may adversely affect ductility checks
associated with non-compact shapes. As the yield strength increases from 36 to 50 ksi, the flange and web
slenderness ratios defining compact and noncompact section limits fall 18% (Table 1).

Effect of corrosion — The use of higher strength piles may permit smaller pile sections to be used to resist
the same load. A pile having a smaller initial section area has less ‘reserve’ capacity to account for section
loss due to corrosion.

Allowable net settlement limit — A more heavily loaded pile and/or a smaller pile carrying the same load
will exhibit greater deformation effectively reducing the ‘allowable’ pile settlement for the same gross
settlement limit.

Tip bearing capacity — A more heavily loaded pile and/or a smaller pile carrying the same load exerts
greater bearing stresses on both the bearing strata and at the pile cap.

Driving sresses and the need for a driving tip — Related to increased tip bearing capacity, it is conceivable
that in order to efficiently drive a pile at F, = 50 ksi, a driving tip is required which may not have been the
case for F, = 36 ksi. The required (DM4 §10.7.8.5P) use of the driving tip lowers the capacity of the
end/point bearing H-piles (¢ decrease from 0.6 to 0.5) due to “severe driving conditions”, reducing the
increased pile capacity that may be realized using the higher strength steel.

Friction described as ‘shaft percentage’ — An increase in pile strength has no effect on properties
affecting friction. Thus the shaft percentage may be different for higher driving stresses. Prior to the 2012
PennDOT study, 10% shaft friction was typically used for the WEAP analysis of end and point bearing
piles.

Methodology of performing WEAP analysis to determine stroke range and refusal — An increase in pile
capacity has the effect of increasing the pile hammer size or requiring more energy by increasing the
stroke to drive the pile to the increased ultimate driving stress at refusal.
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2. Survey of Regional Practice

A survey of state DOT H-pile design criteria was carried out at two levels. An initial, high-level review of
state DOT design manuals/guides (equivalent to DM-4) was conducted to assess the proliferation of the
use of F, = 50 ksi in determining H-pile structural capacity as distinct from allowable driving stresses and
geotechnical capacity. Following this, a more detailed survey of practice was distributed to five agencies:
Pennsylvania, Ohio, New York and Delaware DOTSs and the Pennsylvania Turnpike Commission (PTC).
The four DOTSs responded; the PTC did not.

2.1 National Review

A review of state DOT Bridge Design Manuals (BDM), or equivalent, was conducted. This was
conducted using internet resources. Some states do not have their entire BDM available on line, a few
provide it only to registered users and, in a number of cases, it is unclear if the available version is the
most recent. Nonetheless, a survey of H-pile provisions was made based on available information.
Information was found for 49 state DOTs (no data could be found for MD) as summarized in Table 18
and presented in detail in Appendix C. In Appendix C, two queries are made: 1) is steel having F, = 50
ksi permitted in determining the structural capacity of H-piles (independent of geotechnical
considerations)? and 2) regardless of design requirements, is steel having F, = 50 ksi specified for H-
piles? In interpreting either query, silence on an issue is taken to imply deferral to AASHTO LRFD
(which permits the use of H-piles designed for F, = 50 ksi). With regard to the second query, reference to
ASTM A572 material is interpreted as addressing HP sections since A572 is typically only applicable to
HP shapes (see AISC Steel Construction Handbook Table 2-4). In many cases steel having F, = 50 ksi is
specified although design may be limited to F, = 36 ksi. Because of the significant variation in the way
BDMs are presented, the data assembled in Appendix C should be considered representative and not
necessarily complete. A summary of observations includes:

a) 31/49 states for which information was found permit, either explicitly or by implication, H-piles
having F, - 50 ksi for determining structural capacity.

b) Some states specify F, = 36 ksi be used to determine structural capacity but permit F, = 50 ksi under
the conditions noted; for example:

e GA permits F, = 50 ksi “if called for by the BFL.”

e NH permits F, = 50 ksi “with special provision.”

e MO permits F, = 50 ksi in cases where “structural analysis or drivability analysis requires ASTM
A709 (Grade 50) steel”.

c) 35/49 states for which information was found permit or specify the use of H-piles having F, = 50 ksi
for construction regardless of design capacity permitted.

d) Six states report an allowable stress design (ASD) method for maximum stress at the pile tip. This
value is taken as 9 ksi — apparently nominally based on 0.25F, with F, = 36 ksi (LA, MI, NC, and
WA) or 13 ksi, based on 1.45 x 0.25F, (AL). ND also takes an ASD approach but with a 12.5 Ksi
limit, specifically identifying this value as being calculated as 0.25F, with F, = 50 ksi.

e) Other states (e.g., KY) cite a 0.25F, limit (allowing F, = 50 ksi) although an LRFD approach is
followed.

f) CA limits “working [service] stress” to 0.25F, (allowing F, = 50 ksi) although this is based on the
reduced cross section area (determined based on 1/16 in. section loss all around). CA limits driving
stress to the AASHTO-prescribed value of 0.9F, based on gross section area.

g) ID provides some relevant commentary on the use of F, = 50 ksi: “For economy 36 ksi steel should
be specified in most cases because the large ultimate loads that are possible with 50 ksi steel are very
difficult to achieve and verify with standard pile driving equipment.” ID imposes a driving stress limit
of 0.75F,.

h) WI takes a hybrid approach specifying F, = 50 ksi material strength, basing design capacity on F, =
36 ksi but permitting F, = 50 ksi when considering driving stress limits.
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Many states (e.g., GA, MA, NV, RI, VA, VT) specifically defer to AASHTO LRFD. Those that are silent
on an issue (e.g., AZ, CT) also de facto defer to AASHTO which permits the use of F, = 50 ksi for H-pile
design.

A number of states cite limiting values of factored design capacity lower than AASHTO-prescribed
values: 0.25F, (items d-f, above) and 0.33F, (e.g., LA). In these cases, the factors, 0.25 and 0.33 are given
as revised values of AASHTO ¢, factors. Only PA explicitly maintains the AASHTO ¢, factors and
provides an additional reduction to the pile gross section structural capacity (i.e., ¢.0.66AF,).

Table 18 Summary of H-pile provisions available online (may not be current).

Fy permitted in
Number determining Basis for Resulting Notes
of states structural determining P, | design stress
capacity
Ksi ksi
12 36 0.25F, 9
3 50 0.18F, 9
3 50 0.25F, 12.5
1 50 0.27F, 13
1 50 0.28F, 14
1 50 0.29F, 14.5
1 50 0.33F, 16.5 current PennDOT SOL 483-14-04
1 50 0.55F, 27.5
14 50 0.50F, 25 current AASHTO LRFD
12 no specification found;
assumed to be current AASHTO requirement
2.2 Regional Survey Results

A copy of the regional survey and cover letter distributed and a transcription of all responses received is
provided in Appendix D.

In summary, all four responding jurisdictions report permitting design with F, = 50 ksi; PennDOT for
only about one year and Delaware, for perhaps as long as twenty years. The respondents report a
reasonable number of projects designed with F, = 50 ksi — approximately 140 altogether — with no
difficulties or poor performance reported. All respondents report requiring WEAP analyses be conducted
although the use of PDA or CAPWAP analyses is less consistent and seemingly reserved for test piles
only.

Of the regionally surveyed states, only PennDOT applies an additional reduction beyond that required by
AASHTO in determining pile axial capacity (i.e., $.0.66A,F,). NYSDOT, DelDOT and OHDOT all
report using the AASHTO-prescribed design capacity. Only PennDOT has a specific ‘weak rock’ bearing
requirement. DelDOT requires predrilling through weak layers.

PennDOT and OHDOT cite savings based on using fewer or smaller piles having F, = 50 ksi (as
compared to F, = 36 ksi). NYSDOT and DelDOT, on the other hand, cite more efficient driving resulting
from the higher resulting driving stress limits. OHDOT specifically noted that “commonly available pile
driving hammers in Ohio are the limiting factor as far as the geotechnical resistance is concerned.”
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3. Parametric Study Methods and Matrix

The primary result of a WEAP (Wave Equation Analysis of Pile Driving) analysis is a bearing graph
which represents the relationship between blow count and pile capacity. It is an efficient tool used to
control pile driving. The accuracy of a bearing graph depends on the parameters related to the dynamic
hammer — pile —soil system (Figure 1, Section 1.8). Input parameters are based on experience and
therefore often they cannot perfectly imitate an actual situation. For instance, often the blow count is
inaccurate or the soil resistance changes with time which, in the end, will result in a bearing graph with
inaccurate data. Therefore knowledge of fundamental characteristics of the mechanics and dynamic
interaction of all components involved in the pile driving process is required. The parameters investigated
in this study are selected based on the effects that they have on the pile capacity and drivability. The input
parameters are categorized as parameters related to: the driving system (hammer); the pile section; and
the soil.

The hammer impact on the top of the pile generates an elastic compression wave causing strain
(deformation) in the pile and motion of the pile into the soil. The length and initial intensity of the stress
wave in the pile depend on: ram weight; hammer stroke; hammer efficiency; hammer and pile cushion
stiffness and coefficient of restitution (COR); and helmet weight. Pile physical and mechanical properties
also play important roles in pile drivability. The blow count may be twice as high for heavier and stiffer
piles.

Damping and quake factors are the two important parameters related to the characteristics of the soil as
described in Section 1.8. Damping is analogous to friction which must be overcome when driving a pile
and quake quantifies the degree of rebound caused by the soil. Damping effects are more critical in
cohesive soils for which higher skin (shaft) damping values are used (see Table 17). For this reason the
blow counts required to achieve a desired pile capacity in cohesive soils are higher than those in
cohesionless soils (Hussein , Bixler, & Rausche, 2003). On the other hand, soil stiffness is inversely
proportional to the quake. The quake factor only varies substantially at the pile toe and is primarily as a
function of the volume of soil displaced. Higher bearing capacities with lower blow counts are attained
for soils with lower toe quake compared to soils with higher values of toe quake (AASHTO LRFD 2010).

3.1 Methodology

In this study, the commercially available program GRLWEAP (PDI 2010) is used for all analysis (see
Section 1.8). For each case considered, a two-step analytical approach is used. Each case represents a pile
section, pile length, shaft friction and ‘target’ capacity as described subsequently. Each analysis begins
with trial hammer parameters (type, stroke and energy) and iterates upon these until the target capacity is
attained at 240 blows/ft — a value defined as ‘refusal’. The objective of each analysis is to achieve the
target capacity with the smallest (i.e. least energy) hammer (of the five considered; described in Section
3.2.2, below) while still providing at least a 0.5 foot working stroke range. All results are reported with
‘one decimal precision’; that is, 0.1 ksi, 0.1 ft and 0.1 kip-ft precision. Capacity is reported to the nearest
kip. Each analysis progresses as follows:

Case 1: The pile is driven using a constant hammer stroke analysis such that the following capacities are
attained at 240 blows/ft refusal:

a) AFy, representing twice the AASHTO LRFD (2010) design capacity for severe driving conditions;
i.e., 2 x 0.5AF;

b) 0.66AF,, representing twice the current DM-4 (SOL 483-14-04) design capacity for severe driving
conditions; i.e., 2 x 0.5(0.66AsF,); and,

c) 0.50AsF,. This case provides ‘historic’ perspective for 36 ksi piles. That is, twice the design capacity
= 2 X 0.35A4(36 ksi) = 25.2 ksi = 0.5A4(50 ksi).

For each specified capacity the resulting driving stress and hammer parameters (type, stroke, energy) are
recorded. The factor 2 in each case represents the required ultimate capacity to which a pile must driven
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when PDA is not used in the field. In instances where PDA is used to monitor the driving operation, this
factor is permitted to be reduced to 1.54 (DM-4 Table 10.5.5.2.3-1). These analysis cases are referred to
as la, 1b and 1c.

Case 2: In order to assess maximum potential pile capacity, a fourth case, using the same hammer as used
in Case 1a (or Case 1b, or both) in which the pile is driven using a constant hammer stroke analysis such
that the driving stress is 0.9F, = 45 ksi at 240 blows/ft refusal is conducted. Resulting pile capacity and
hammer parameters are recorded. These are referred to as Cases 2a and 2b.

Case 3: Using the same hammer as used in Case 1a, the pile is driven using a constant hammer stroke
analysis such that the capacity is 0.66AsF, or the driving stress reaches the PennDOT-prescribed lower
limit of 25 ksi at 240 blows/ft refusal (DM-4 C6.15.3P). This represents the minimum PennDOT -
acceptable capacity to which the pile/hammer case may be driven. From this case, the following data is
recorded: [minimum] stroke, pile capacity at refusal and hammer energy. If the difference in required
stroke between cases 2 and 3 does not exceed 0.5 ft, a different hammer will be selected and cases 2 and 3
repeated.

Case 4: Using the same hammer as used in Case 1a, the pile is driven using a constant hammer stroke
analysis such that the driving stress is 25 ksi at 240 blows/ft refusal (DM-4 C6.15.3P). From this case, the
following data is recorded: [minimum] stroke, pile capacity at refusal and hammer energy.

3.2 Parameter Selection

The parameters considered in this study are described briefly in the following paragraphs.
3.2.1 Pile section

Three pile sections are selected:

HP 14x117 is a representative heavy section which is compact for axial load at F, = 50 ksi. Benchmark
data available is available from PennDOT (2012).

HP 12x74 is a representative medium section and is the most common shape used in PA. Benchmark data
is available in Publication 15A, PennDOT (2012), PTC (2011) and recent 50 ksi pile driving records.

HP 10x57 is a compact section having capacity at F, = 50 ksi suitable to ‘replace’ 36 ksi HP12x74 piles;
theoretically affecting a weight savings of 17 Ibs/ft or 23%.

3.2.2 Hammer types, weights and cushions

Hammer types for inclusion in the analyses were recommended by PennDOT as those readily available to
PA contractors; these are summarized in Table 19 and are shown from smallest to largest from left to
right across the table. Hammer parameters used in the GRLWEAP analysis are also shown.
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Table 19 Hammer parameters used in this study.

Hammer: | ICE 1-12v2 | Pileco D19-42 | ICE 1-30v2 | ICE I-36v2 | ICE I-46v2

GRLWEAP ID 1501 852 1504 1505 1506
ram weight Kips 2.82 4.01 6.61 7.94 10.14
maximum stroke ft 11.45 12.6 12.6 13.1 13.1
rated stroke ft 10.5 10.6 11.5 11.8 11.8
ram diameter in. 11.8 12.6 16.5 19.7 19.7
efficiency 0.80 0.80 0.80 0.80 0.80
energy/power Kip-ft 29.6 42.5 76.0 93.7 119.8
fuel setting psi 1450 1520 1570 1510 1560
Cushion area in’ 398 398 398 491 491

Cushion modulus ksi 175 285 175 175 175

Cushion thickness in. 2.0 2.0 2.0 4.0 4.0

COR 0.91 0.80 0.91 0.91 0.91

3.3.3 Soil types above rock

The ground is composed of layers of soils that support the pile by friction and the bedrock at the bottom
that support the pile by bearing. Only hard rock will be considered as bearing strata as this is the most
severe driving condition. Non-cohesive soil is considered since this has smaller skin damping, and
therefore also represents a more severe driving scenario. On the other hand, cohesive soils are critical
when considering minimum hammer stroke requirements.

3.2.4 Shaft friction

PennDOT (2012) recommended using 20% shaft friction, potentially increasing this to 30%. Values of

both 20 and 30% are used in the present study.

3.2.5 Pile length

Representative embedded pile lengths of 20, 50 and 80 feet are considered in the analyses. Each pile has 4
feet added to its embedded length facilitate driving.

Table 20 represents a matrix of 126 base scenarios (i.e.: 3 pile shapes x 3 pile lengths x 2 shaft friction
values x 7 analysis cases). Additional sensitivity analyses addressing toe damping, toe quake and skin
damping are also made on a subset of these base scenarios considering only HP 12x74 piles having an

embedded length of 50 ft. Benchmark analyses will also be made as described in Section 3.3.

Table 20 Analysis parameter matrix.

Parameter units values considered in analyses

pile Section HP 10x57, HP 12x74 and HP 14x117

embedded length ft 20, 50 and 80 ft

pile length ft 24,54 and 84 ft

hammer smallest hammer of those listed in Table 19 that achieves target capacity
at 240 blows/ft

toe damping sec/ft 0.10 (rock); 0.15 (soil; 50 ft long HP 12 x 74 only)

toe quake in. 0.05 (hard rock); 0.10 (soft rock; 50 ft long HP 12 x 74 only)

skin damping sec/ft | 0.05 (non-cohesive soil); 0.20 (cohesive soil; 50 ft long HP 12 x 74 only)

skin quake in. 0.10

shaft friction % 20 and 30
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3.3 Benchmark scenarios

Within the proposed parameter scenario matrix it is necessary to establish some benchmark tests — tests
for which the PDA/CAPWAP data is available — against which a comparison of analytical data may be
made. This helps to validate the GRLWEAP analyses conducted and permits a refined assessment of shaft
friction parameters.

The five analyses presented by PennDOT (2012), summarized in Table 3, are essentially contained within
the proposed analytic matrix and are used as benchmarks; these will require additional analysis runs to
match pile lengths and hammer types. Similarly, three analyses presented in PTC (2011), summarized in
Table 4, are appropriate benchmark candidate data, although these were driven using an ICE-19v2,
requiring additional individual analyses to be conducted.

Due to differences in hammers, a direct comparison with Publication 15A data is generally not possible
since the hammers reported in Pub. 15A are smaller than those used in the present study. Nonetheless, the
data presented on Pub. 15A sheet 18, albeit using an ICE 640 hammer (similar to a Pileco D19-42), may
prove an appropriate benchmark case.

Finally, PennDOT has provided some recent pile driving analyses from which benchmarks for 50 ksi
design capacity may be obtained. Although having very short pile lengths of 13.5 and 16.5 feet,
respectively, TP-439 and TP-440 reported for Abutment 2 of Structure S-33234A (Grindstone Bridge) on
SR 4002 are suitable benchmarks for HP 12x74 driven using a Pileco D19-42 hammer.

A summary of benchmark analysis cases, along with their results, is provided in Table 23 at the end of
Chapter 4. Each benchmark test is analysed as indicated and the result compared with the available
PDA/CAPWAP data. Values of toe damping (0.10), toe quake (0.05), skin damping (0.05) and skin quake
(0.10) are the same as those used in the parametric study. As in PennDOT (2012), shaft friction is varied
to assess the effect of this parameter and determine the value most closely approximating available data.
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4. Results of Parametric Study and Discussion

This chapter reports the findings of the parametric and benchmark studies described in Chapter 3. The

resu

Its of the WEAP analyses of all cases are provided in Appendix E. An illustrative example of one

series (HP12x74 having L = 54 ft) of output from parametric analysis is provided in Table 21. The shaded
entries in each row represent the ‘target’ values for each analysis as described in Section 3.1

Table 21 Results of WEAP analysis for HP12x74.

c At 240 blows/ft refusal...
ase . . Driving
Case Hammer Pile capacity stress Stroke | Energy
1AF, | ksi | kips ksi ft kip-ft
la ICE 1-36v2 1.00 | 50.0 | 1090 62.0 11.81 | 52.00
1b H_P12x7f1 , Pileco D19-42 | 0.66 | 33.0 | 719 39.0 9.75 23.60
1c (ASL__Zéffln ) ICE 1-12v2 0.50 | 25.0 | 545 30.8 8.66 12.90
2a SF = 0.20 FCE 1-36v2 0.73 | 36.5| 800 44.8 8.20 29.90
2b TD = 0.10: TQ = 0.05 Pileco D19-42 | 0.70 | 35.0 | 763 415 10.60 | 26.50
3 SD = 0.05: SQ = 0.10 ICE 1-36v2 0.66 |33.0| 719 39.5 7.11 23.40
4 ICE 1-36v2 0.43 | 21.6 | 466 25.2 4.90 11.30

Based only on the case shown in Table 21, the following is observed:

1.

The AASHTO-permitted capacity of the HP12x74 considered, AsF,, cannot be reached without
significantly exceeding the driving stress limit of 0.9F, = 45 ksi. A driving stress of 62 ksi was
predicted. [from case 1a]
The SOL 483-14-04-permitted capacity of the HP12x74 considered, 0.66AsF,, can be reached without
exceeding the driving stress limit of 0.9F, = 45 ksi. A driving stress of 39 ksi was predicted. [case 1b]
The maximum capacity that can be achieved, respecting the driving stress limit of 0.9F, = 45 ksi is
0.73AsF, = 800 Kips (using an ICE 1-36v2) or 0.70AsF, = 763 kips (using an Pileco D19-42) [cases 2a
and 2b]. In the latter case, the maximum stroke of the hammer limited the driving capacity and
resulted in a maximum driving stress of only 41.5 ksi.
Requiring a minimum driving stress of 25 ksi at refusal results in a ‘minimum’ capacity of 0.43AF, =
466 kips [case 4].
For the ICE 1-36v2 hammer, the limits reported in observations 3 and 4 are found over a stroke range
of 4.9 to 8.2 feet (range = 3.3 ft) [case 2a — case 4].
The ICE-1-36v2 hammer is shown to satisfactorily drive the pile — meeting, or exceeding a pile
capacity of 0.66AsF, while respecting upper [case 2a] and lower [case 3] driving stress limits and
having a stroke between these limits of 1.09 ft (exceeding 0.5 ft) [case 2a — case 3].
The Pileco D19-42 hammer is shown to satisfactorily drive the pile — meeting, or exceeding a pile
capacity of 0.66AsF, while respecting upper [case 2b] and lower [case 1b] driving stress limits and
having a stroke between these limits of 0.85 ft (exceeding 0.5 ft) [case 2b — case 1b].
The change from DM-4 to SOL 483-14-04 provisions resulted in the following [comparing cases 1c
and 1b]:

a) A pile capacity increase of 32% (545 to 719 kips).

b) A larger hammer (ICE 1-12v2 to Pileco D19-42) being required to drive the pile (energy increase

of 77%).
c) A resulting 20.5% increase in pile driving stress (31 to 39 ksi).

Results from all analyses are presented in Appendix E and synthesized in the follow section.
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4.1 Observations from GRLWEAP analyses
4.1.1 Driving stress

Figure 3 shows the driving stress results for the three HP sections investigated in the parametric study.
Each group of six data points are arranged by pile shape and target capacities at refusal (i.e., results of
cases la through 1c) and are presented in the order indicated in the box at the lower right corner of the
Figure. The dashed lines in the plot show the upper and lower limits for the driving stress; that is, 0.9F, =
45 ksi and 25 ksi, respectively.

The data shown in Figure 3 clearly shows that the driving stress will always exceed ultimate stress.
Therefore piles cannot achieve an ultimate stress of Ak, when driving stress is limited to 0.9AsF,.
However, this does not imply that a design capacity of 0.5A;F, cannot be achieved, it only requires PDA
to accompany driving — in which case the target ultimate capacity is only 0.5A;F,/0.65 = 0.77AsF, rather
than 0.5A,F,/0.50 = A;F, when no PDA is used. By the same token, the minimum permissible driving
stress of 25 ksi = 0.5A;F, implies that the minimum drivable ultimate capacity is only somewhat lower
than this.

Due to hammer limitations, it was not possible to find a hammer suitable to drive HP14x117 piles having
a length greater than 50 ft to a capacity of AsF,. Using the largest available hammer (ICE 1-46v2), these
cases were driven to a capacity between 0.81A;F, and 0.84AsF, as indicated in Figure 3 by the solid
triangles.

For a given pile section, driving stress decreases with increased pile length. The driving stress also
decreases when shaft friction is increased from 0.20 to 0.30. This effect is clearly more pronounced for
longer piles and is somewhat more pronounced for larger pile sections due to their greater perimeter
dimension.

Due to the need for larger hammers, driving stress increases with pile section. For all piles (except
HP14x117 having L = 20 and shaft friction = 0.20) driving stress for piles driven to a capacity of 0.66AF,
remained below the 0.90AF, = 45 ksi limit.

70
A A . .
A AL A A «— AF, < pile capacities
60 A A, A A at refusal
A 4
A A
50 A — >080AF, |
0.90F, = 45 ksi
—~ e . O __ oA
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5 40 °o 0 = O o « 0.66AF,
o ®oo
3 o (o] o
30 e * _+ o e,
S LR . . P . . hd . & <« 0.50AF,
£ ®
]
25 ksi
20
HP1OX57 T HP12x74  HP14x117
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six data points per HP section; left to right:
L=20ft L=20ft L=50ft L=50ft L=80ft L=80ft
sf=020 sf=030 sf=0.20 sf=0.30 sf=020 sf=0.30
0

Figure 3 Driving stress distribution.
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4.1.2 Attainable pile ultimate capacity

Figure 4 shows the range of attainable pile ultimate capacities for the HP sections considered. Using the
minimum permitted driving stress of 25 ksi, all pile capacities ultimately fell between 0.40AF, and
0.5A.F, [case 4]

Driving piles to the maximum permitted driving stress of 0.90AsF, = 45 ksi, resulted in pile capacities
ranging from 0.64AsF, to 0.76AsF, [case 2b] All HP10x57 piles exceeded 0.70AsF, and the achievable
capacity falls with increasing pile size.
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<§ 06 +—— maximum driving stress 0.90AF, = 45 ksi
é‘ using hammer required for driving to capacity = 0.66AF,
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%_ minimum driving stress = 25 ksi using smallest available hammer
03 +——— HP1OX57 ——————— HP12x74 — HP14x117 — |
six data points per HP section; left to right:
L=20ft L=20ft L=50ft L=50ft L=80ft L=80ft
sf=020 sf=030 sf=020 sf=030 sf=020 sf=0.30

0.2

Figure 4 Pile ultimate capacity range.
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4.1.3 Range of hammer stroke

Figure 5 shows the hammer stroke range available to drive the piles considered to a capacity of 0.66AsF,
[case 2b — case 1b]. All HP10x57 and HP12x74 piles had available hammer strokes exceeding the
minimum range of 0.5 ft. The stroke range decreased with increasing pile size. Only HP14x117 piles
having shaft friction = 0.30 exhibited inadequate hammer stroke ranges less than 0.5 ft.
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sf=0.20 sf=0.30 sf=0.20 sf=0.30 sf=0.20 sf=0.30
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Figure 5 Hammer range available to attain ultimate capacity = 0.66AsF,.

Varying Driving Parameters

The histogram representation of ultimate pile capacity and driving stress variations obtained by varying
selected parameters are shown in Figures 6 and Figure 7, respectively. Four cases are shown for each pile
target capacity (horizontal axis):

1.
2.

3.

4.

The first case is control case from the primary analysis described above.

The second increased shaft damping from 0.05 to 0.20 sec/ft leaving all other parameters the same as
the control.

The third increases toe damping from 0.10 to 0.15 sec/ft and toe quake from 0.05 in. to 0.10 in.
leaving all other parameters the same as the control.

The fourth increases shaft damping and toe damping and quake as in the previous cases.

As can be seen in Figure 6, varying the parameters as indicated has little effect on pile ultimate capacity at
a given target capacity. Due to reduced driving stresses, piles having shaft damping increased to 0.20
achieved marginally higher ultimate capacities. Driving stresses are also not significantly affected
although increasing toe damping and quake values increases driving stresses marginally (Figure 7).
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Figure 6 Effect of GRLWEAP parameters on pile ultimate capacity.
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Figure 7 Effect of GRLWEAP parameters on driving stress.
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4.3 Ratio of Driving Stress to Ultimate Stress

Table 22 summarizes and compares the ratio of predicted driving stress to ultimate stress for all analyses
conducted. Only data with 20% shaft friction are included.

As described in Section 4.1.1, smaller pile sections require relatively lower driving stresses and therefore
allow greater relative capacities to be achieved. Longer pile sections also result in proportionally lower
driving stresses.

Given the relatively consistent COV values, these ratios may be used as a rule of thumb for estimating
driving stress based on required pile ultimate capacity. Using average values reported in Table 22 and a
driving stress limit of 0.9F,, HP10x57 sections may be driven to a capacity of 0.76AsF, (0.9/1.19 = 0.75)
while HP14x117 sections would be limited to 0.70AsF, (0.9/1.29). Using the ‘high’ value of the ratios,
these capacity limits become 0.68AsF, and 0.65 AsF,, respectively.

Table 22 Ratio of predicted driving stress to target ultimate stress.

All shapes considered HP10x57 | HP12x74 | HP14x117
Pile length All 20 ft 50 ft 80 ft All All All
Average 1.23 1.27 1.22 1.19 1.19 1.21 1.29
Ccov 0.06 0.05 0.05 0.06 0.05 0.05 0.04
Low 1.07 1.12 1.15 1.07 1.07 1.10 1.20
High 1.40 1.40 1.37 1.36 1.32 1.30 1.40

4.4  Conclusions Based on Present Code Provisions
The following conclusions relevant to AASHTO and PennDOT practice are made:

1. The AASHTO permitted pile capacity of 0.5AsF, is not technically achievable without the reduction
in required over strength permitted using a PDA (as discussed in Section 4.1.1). Even using a PDA,
this capacity may only be achievable for smaller pile sections [case 1a].

2. The SOL 483-14-04 permitted pile capacity of 0.5(0.66)AsF, in which F, = 50 ksi is achievable in
cases considered although driving stress in the large HP14x117 piles approaches the limit of 0.9AF,
[case 1b]

3. The theoretical increase in pile capacity realized by accounting for the increase of F, from 36 to 50
ksi and the revisions to the PennDOT standard is a factor of 1.31 (i.e.: from (0.35 x 36 ksi)A; to (0.50
x 0.66 x 50 ksi)A;). This theoretical increase is achievable for all cases considered [compare cases 1c
and 1b].

4. For pile sections lighter than HP12x74 having F, = 50 ksi, the previously (DM-4) prescribed value of
¢. = 0.35 is achievable.

45 Benchmark Scenarios: GRLWEAP Analyses Results

Results of GRLWEAP analyses conducted for benchmark scenarios described in Section 3.3 are shown in
Table 23.

The GRLWEAP analyses for the first five benchmark runs, TP-2, B3, P5, TP-12, and 3054 (PennDOT
2012) were conducted over four cases of shaft friction (10%, 20%, 30% and 40%). The remainder of the
runs considered only one case of shaft friction (as determined from source documentation) as shown in
Table 23. The ratio of predicted driving stress (using GRLWEAP) to that observed in the field
(CAPWAP) is provided in each case. In general, it would be preferable that the predicted driving stress
exceed the observed value for a conservative design to result.

For the most recent data available from PTC (2011; that is TP-1, TP-2 and TP-3) and from 2014 field data
(TP 439 and TP 440), the WEAP data generally agrees very well with the field data. The driving stress
predicted for the Sheet 18 (Pub 15A 1989) is notably lower than indicated in Publication 15A, however,
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as noted in Section 1.5.1, the data from this document is limited in the context of the present work.
Additionally, the hammer and cushion data used in the generation of Sheet 18 are unknown and were
assumed in the present analysis.

The benchmarking of the PennDOT (2012) data is inconsistent. Predictions for TP-2(F) and 3054 are
quite good and indicate that a shaft friction of 20% is appropriate for predicting driving stresses. B3 and
P5 predictions vary to a greater extent and indicate a shaft friction of 30% is appropriate. TP-12
overestimates observed field data. The field-reported driving stress for TP-12, an HP14x117 driven to
0.83AsFy, is given as only 29.7 ksi which seems too low for this case resulting in the large over-prediction
by the present analysis. Shaft friction values of 20% are most predictive while remaining marginally
conservative (i.e. Predicted/Field ration > 1.0).
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Table 23 Results of benchmark analyses comparing CAPWAP and predicted driving stresses.

Hammer Capacity at 240 blows/ft* Predicted
Pile Embedded | Bearing rock . . Field driving | Shaft - Predicted
ID HP Fy | AFy (hammer Predicted | Predicted - driving | —=_5—
length length and RQD energy) Stress Capacity (C,tz\é\S/;AP) friction stress Field
ksi | kips ft ft 1/ AFy Kips ksi % ksi
0.10 27.5 1.06
a Siltstone ICE 1-19v2 0.20 26.1 1.01
TP-2(F) 12x74 | 36 | 784 40.3 9.1 RQD = 10% | (42,200 ft-lbs) 0.57 447 26.0 0.30 4.9 0.96
0.40 24.2 0.93
0.10 32.1 1.23
a Limestone Pileco D19-42 0.20 29.2 1.11
B3 10x57 | 36 | 605 60.0 44.1 RQD = 36% | (25,600 ft-Ibs) 0.73 440 26.2 0.30 576 105
0.40 26.3 1.00
0.10 29.6 1.23
a Soft Schist Pileco D19-42 0.20 27.1 1.13
P5 12x74 | 36 | 784 70.0 38.0 RQD = 8% (30,400 ft-lbs) 0.65 509 24.0 0.30 544 102
0.40 22.1 0.92
0.10 44.1 1.48
a Siltstone ICE 1-30v2 0.20 40.3 1.36
TP-12 14x117 | 36 | 1238 | 65.3 61 RQD = 20% | (64.680 ft-Ibs) 0.83 1024 29.7 0.30 36.4 123
0.40 33.0 1.11
0.10 27.2 1.09
a Sandstone Pileco D19-42 0.20 24.9 1.00
3054 14x117 | 36 | 1238 | 100.6 90.1 RQD = 70% | (36,000 ft-lbs) 0.56 696 24.9 0.30 79 5 0.90
0.40 20.1 0.81
TP-1° 12x74 1090 | 60.0 36.0 ICE 1-19v2 0.63 691 38.2 0.20 39.8 1.04
TP-2° 12x74 | 50 | 1090 | 65.0 45.0 Saprolite (42,200 ft-Ibs) 0.60 651 36.1 0.20 37.1 1.03
TP-3° 12x74 1090 | 65.0 57.0 ' 0.61 660 38.3 0.20 37.6 0.98
c ICE-640
Sheet 18 12x74 | 36 | 784 70.0 60.0 Grey Shale (28,800 ft-Ibs) 0.33 262 21 0.20 14.1 0.67
d Pileco D19-42
TP-439 12x74 i 1090 | 17.6 135 Siltsone (31,300 ft-lbs) 0.61 662 36.4 0.30 39.0 1.07
aand RQD =25% | Pileco D19-42
TP-440 12x74 1090 | 25.3 16.5 (37,000 ft-lbs) 0.81 883 54.2 0.30 49.9 0.92

T value reported by source
*PTC (2011)

8 PennDOT (2012)

¢ Publication 15A (1989)
¢ SR 4005 Abutment 2 (Foundation Testing Services 07.30.2014)
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5. Estimation of Pile Settlement

The total settlement (4) of a bearing pile under service loads may be estimated from Equation 4. For piles
bearing on rock, settlement associated with shaft friction may be neglected (DM-4 §10.7.1.6.2).

A = A5 + Ay 4)
In which:
Pile shortening (4;) is determined from fundamental mechanics as (see discussion in Section 1.4.3):
s = (Qp+EQLIEA (5)

Settlement due to the load at the pile tip (dy,) may be estimated from Eq. 6 which considers a point load
on an elastic half space (Vesic (1977) as reported by Das (2010)):

Ayip = 0.85(Qy/A)d(1-1)/E (6)

Where: Q, is the load carried by the pile point (i.e.: Q, =P — Qy);

Qs is the load carried by pile skin friction (i.e.: Qs = sP, where s = shaft percentage)

& represents the effect of the friction distribution pattern (& = 0.5 for uniform or parabolic
distributions and & = 0.67 for triangular);

L is the length of the pile;

A the pile bearing area, this value may be varied to consider Agie, Atip OF Avox;

E, is the modulus of elasticity of the pile (Es = 29000 ksi);

d is the depth (or diameter) dimension of the pile;

w is the Poisson ratio of the rock; and,

E is the modulus of elasticity of the rock beneath the pile point.

Empirical values of x and E are selected within an appropriate range for bearing piles including those
founded on soluble rock. Values of x range from 0.2 to 0.3 and those of E, from 300 — 3000 ksi.

As our interest lies in maximum settlement, some parameters may be selected to produce the greatest
settlement:

Minimum shaft percentage produces greatest settlement: $=0.20
Triangular friction distribution produces greatest settlement: &=0.67
Smallest cross section area produces greatest settlement: As = Apie

Additionally, maximizing L produces greatest settlement:
If P = ¢.AsFy, it can be shown that Eq. 5 is independent of the pile section (i.e., As) and may be written as:
As = ¢Fy[1-5(1- OJLIES (7
Setting parameters to maximize settlement: 45 = 0.934¢.F,L/E; (8)

Similarly, Eq 6 can be written as being independent of A (provided As = Ayiie), although not entirely
independent of the pile section selected (d):

Ap = 0.854cFy(1-8)d(1-1)/E (9)
Setting parameters to maximize settlement: Ay, = 0.68¢.F,d(1-.*)/E (10)

Figure 8 shows the calculation of maximized 4, (Eq. 8) for piles having L = 80 ft and F, = 36 and 50 ksi.
The calculations are shown for varying values of ¢.. Since this calculation is proportional to only F,
maximum settlements are predicted to increase 39% due to the theoretical 39% increase in yield capacity
from 36 ksi to 50 ksi and therefore pile section area utilization (i.e., AsFy).

Also shown in Figure 8 are ranges of estimated values of 4, based on very soft (v = 0.2 and E = 300 ksi)
and very stiff (v = 0.3 and E = 3000 ksi) bearing conditions. The ranges capture the effect of pile
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dimension d with the top of the range corresponding to d = 14 in. and the lower bound to d = 10 in. (Eq.
10). As seen in Figure 8, even under very soft bearing conditions, the pile shortening term, 4, dominates
settlement for bearing piles.

18
L =80 ft
16 | F, =36 and 50 ksi i -
d=10,12 and 14 in. /(_ A, (F,= 50 ksi)
14 || very soft bearing: .
v=0.2 and E = 300 ksi
1o || Very stiff bearing
- v=0.3 and E = 3000 ksi . Je & .m 38 ks
£ R
£ 10
[5]
= / 7
%) " Q@ &N
% / b\f; - - 7 QQ“
0.6 ”’,l 436\@\,:\)"/
'," b«v&“,"’
0.4 7z —
P -
0.2 i |
Ay (Fy =50 ksis v= 0.3 E = 3000 ksi)
00 ‘ S Gt 1))
0 02 04 0.6 0.8 1

reduction factor (¢,)

Figure 8 Range of shortening (4s) and tip (4:,) displacement components of pile settlement.

Figure 9 adds the shortening and tip displacement terms together (Eq 4) considering the upper and lower
bounds of the calculations for piles having L = 80 ft. If, for example, the worst cases for F, = 36 and 50
ksi are considered (i.e. d = 14 in.), the following results:

DM-4: estimated settlement based on 0.35AsF, with F, = 36 ksi is about 0.75 inches.

SOL 483-14-04: estimated settlement based on 0.50(0.66)AsF, with F, = 50 ksi is about 1.0 inch. [an
increase of (50/36)(0.33/0.35) = 1.31 or 31%)]

AASHTO: estimated settlement based on 0.50AF, with F, = 50 ksi is 1.5 in.

Based on such fundamental estimates, it is clear that settlement is directly proportional to section
utilisation in terms of both F, and ¢.. Additionally it is inversely proportional to E. The dominant 4,
component is proportional to pile length, L.
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Figure 9 Pile settlement estimates for 80 foot long pile.

5.1 DM-48D10.5.2.2 net foundation settlement limit

DM-4 §D10.5.2.2 limits net foundation settlement to 1 inch at service loads. DM-4 C6.15.3.2P implies a
ratio of service to design stresses of 0.25/0.35 = 0.71, although this is a gross approximation. Nonetheless,
it provides an approximate basis for assessing the settlement predictions noted above and in Figure 9.

For long (L = 80 ft) bearing piles in soft rock bearing conditions (v = 0.2 and E = 300 ksi) having
parameters selected to maximize settlement (s = 0.20, £ = 0.67, As = Apiie and d = 14 in.) the analysis
shown in Figure 8 and summarized in Figure 9 indicates that piles having F, = 50 ksi and design
capacities up to the AASHTO-specified capacity of 0.50AsF, will not exhibit settlements greater than
approximately 1 in. at service loads. Most cases will exhibit considerably less settlement. For this reason,
based on this analysis, no change to the 1 in. settlement limit to accommodate HP piles having F, = 50 ksi

is considered necessary.
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6. Estimation of Cost

In order to assess potential cost savings realized by utilizing F, = 50 ksi in place of F, = 36 ksi for the
design of steel H-piles, a rudimentary cost comparison was made. Costs were normalized on the basis of
driven pile capacity. To do this, the cost of driving 100,000 kips worth of pile capacity was established
using the capacities determined from the GRLWEAP analyses presented in Chapter 4. The following
assumptions were made based on estimates provided by PennDOT and, in some cases, extrapolated to

different hammers.

1. Cost of steel HP sections was taken as $0.50 per pound (ENR 2014 Q4 Cost Report).
2. Pile hammer rental, mobilization/demobilization and driving costs are those given in Table 24.

3. Support crane rental and mobilization/demobilization costs are those given in Table 24.

4. Production rates are 4500 linear feet of driven pile per month per hammer.

5. The costs do not include on site moves.

It is acknowledged that these estimates may vary considerably and the cost data presented should be used

to compare driving cases and not as absolute values.

Table 24 Bases for cost estimates.

hammer hammer required crane crane N
Hammer monthly mob/demob. crane monthly mob/demob. driving cost
rental capacity rental
Pilco D19-42 $8,098 $1,500 90 ton $12,000 $10,000 $7.02/If
ICE I-12v2" $7,049 $1,500 70 ton $10,000 $6,000 $5.46 / If
ICE 1-30v2 $9,116 $1,500 140 ton $16,000 $20,000 $10.35/ If
ICE 1-36v2 $11,200 $1,500 140 ton $16,000 $20,000 $10.82/ If
ICE 1-46v2° $15,368 $1,500 140 ton $16,000 $20,000 $11.76 / If

! assumed same as Pilco D12 costs provided by PennDOT
2 extrapolated from ICE 1-36 costs

An example calculation for the cost of driving 100,000 kips capacity of HP12x74 using a Pilco D19-42
hammer to drive to 50 ft embedded depth to a capacity of 719 kips (see case 1b on Table 21) is as

follows:

piles required 100,000/719 kips 140 piles
total pile length 140 x 50 ft 7000 If
hammer months required 7000/4500 If/mo 1.56 months
cost of steel 74 Ib/ft x 7000 ft x $0.50 $259,000
cost of hammer and crane rental ($8098 + 12,000) x 1.56 mo. $31,353
cost of hammer and crane mobilization/demobilization | $1500 + $10,000 $11,500
driving cost 7000 If x $7.02/1f $49,140
Total cost to drive 100,000 kips capacity $350,993
cost per driven Kip $350.993/100000 kip $3.51
cost per driven Kip per foot embedment $3.51/50 ft $0.07
cost per pile $350,993/140 piles $2507

Figure 10a shows the cost per driven kip capacity for all cases in the parametric study that satisfied
driving stress limits (i.e. 25 ksi < driving stress < 0.9F, = 45 ksi). The data is shown in terms of the pile
design capacity. The design capacity from DM-4 with F, = 36 ksi is 0.35(36) = 12.6 ksi and the SOL483-
14-04 capacity with F, = 5 ksi is 0.33(0.66)(50) = 16.5 ksi as shown on Figure 10. The data is clustered
around three trend lines for L = 20, 50 and 80 ft, respectively reflecting the dominance of the steel
material cost to the overall cost (see example above). The same trend is evident when the cost data is
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further normalized by pile length (cost per driven kip capacity per foot embedment) as shown in Figure
10b.

As shown in Figure 10, increasing the design pile capacity 31% from 12.6 ksi to 16.5 ksi results in a cost
savings of approximately 20% which is independent of pile size and length.
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a) estimated cost by pile length b) estimated cost normalized by pile length

Figure 10 Estimated pile cost per driven kip capacity.

To better understand how this savings is realized, Figure 11 shows a breakdown of the cost per driven kip
capacity for the case of an HP12x74 driven to L = 50 ft. The case shown is for the shaft friction = 0.20. It
can be seen that the cost of steel is essentially linear and falls in proportion to the increase in steel yield
strength used for design; that is the cost of steel falls 31%. The driving requirements to achieve the
increased pile capacity increase the hammer costs and unit driving costs resulting in a net savings of 19%
for the case shown. Also shown on Figure 11 is the cost per pile. While the cost per pile increases from
$2353 to $2507 (6.5%), the number of piles required falls from 184 to 140 (31%) as the design stress
increases from 12.6 ksi to 16.5 ksi resulting in the 19% net savings.

$7 $3,500
HP12x74 driven to L = 50 ft (SF = 0.20)
$6 - - - $3,000
cost per pile (right aﬂs)“ ’,
2 ! ’
g % o : impactof | $2,500
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< ™ : driving costsb $2.000 =
é Tenta] and Mo : §_
£ Aliop $1500 2
g { cost of steel ($0.50/Ib) ;
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o
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iDM-4 { SOL 483-14-04
s $0.35(36 ksi) = 12.6 ksi $ 0.50(0.66)(50 ksi) = 16.5 ksi &
10 12 14 16 18 20

pile LRFD design capacity (Ksi)

Figure 11 Estimated cost breakdown for HP12x74 having L = 50 ft.
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The impact of appropriate hammer selection is clearly seen in Figure 11. Both a Pilco D19-42 (analysis
#58; see Appendix E) and an ICE-36v2 (analysis #62) are able to drive the HP12x74 to a design capacity
of 16.5 ksi. Based on the cost assumptions given in Table 24, the savings by using the Pilco D19-42 are
clearly evident, reducing the cost per driven kip from $3.99 to $3.51, or the per pile cost from $2847 to
$2507.

Finally, it is also seen in Figures 10 and 11 that permitting design capacities greater than 16.5 ksi results
in only marginal additional savings.
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7. Discussion and Recommendations
7.1 Observations and Conclusions from Parametric Study
The following conclusions relevant to AASHTO and PennDOT practice are made:

e The AASHTO permitted pile capacity of 0.5AsF, is not technically achievable without the reduction
in required over strength permitted using a PDA (as discussed in Section 4.1.1). Even using a PDA,
this capacity may only be achievable for smaller pile sections. Responses from the state surveys
(Section 2) report that “the large ultimate loads that are possible with 50 ksi steel are very difficult to
achieve and verify with standard pile driving equipment” (ID) and reinforce that with higher strength
piles “the factored axial geotechnical resistance frequently governs design. This is particularly
apparent for end-bearing piles on poor-quality and/or soft bedrock and for friction piles.” (ME).

e The SOL 483-14-04 permitted pile capacity of 0.5(0.66)AsF, in which F, = 50 ksi is achievable in
cases considered although driving stress in the large HP14x117 piles approaches the limit of 0.9AsF,.

e The theoretical increase in pile capacity realized by accounting for the increase of F, from 36 to 50
ksi and the revisions to the PennDOT standard is a factor of 1.31 (i.e.: from (0.35 x 36 ksi)A; to (0.50
x 0.66 x 50 ksi)A;). This theoretical increase is achievable for all cases considered.

e Driving piles to the maximum permitted driving stress of 0.90AsF, = 45 ksi, resulted in pile capacities
ranging from 0.64A¢F, to 0.76AsF, with smaller pile sections having marginally higher achievable
capacities. All HP10x57 piles considered, for instance, could be driven to values exceeding 0.70AsF,
without exceeding driving stress limits.

Based on the GRLWEAP analyses conducted it is concluded that:

e As confirmed by the benchmark comparison with available CAPWAP analyses (Section 4.5), the
current methodology of performing a WEAP analysis, including the various parameters used, is
adequate to obtain a reasonably accurate driving analysis.

e Shaft friction values of 20% are most predictive while remaining marginally conservative.

e Requiring a WEAP analysis to approve the pile hammer and to establish the stroke range at refusal is
affirmed as a practical driving analysis methodology to ensure the settlement limit is maintained and
the pile is not overstressed during driving.

e Utilizing PDA for test piles to confirm WEAP analysis results is prudent practice. Additionally, since
the required pile ultimate capacity may be reduced from 2 to 1.54 times the design capacity when
PDA is used, PennDOT may consider the benefits of permitting PDA as a means of enhancing driven
pile capacity; Further study of this approach is suggested.

7.2  Observations and Conclusion from Estimation of Pile Settlement

The analysis shown in Section 5 indicates that piles having F, = 50 ksi and design capacities up to the
AASHTO-specified capacity of 0.50AsF, will not exhibit settlements greater than approximately 1 in. at
service loads. Most cases will exhibit considerably less settlement. Based on this analysis:

o No change to the 1 in. settlement limit to accommodate HP piles having Fy = 50 ksi is considered
necessary.

7.3 Estimation of Cost

A representative cost analysis — normalized on the basis of 100,000 kips driven pile capacity and a
number of fundamental assumptions — was conducted as reported in Section 6. It is concluded that:

e Increasing the design capacity of a pile results in a decrease in cost per driven pile capacity although
due to the need for larger hammers and cranes, permitting design capacities greater than 16.5 ksi
results in only marginal additional savings.
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7.4  Construction Practice

While beyond the scope of this study, two current PennDOT pile construction practices that seem prudent
when designing and driving end bearing piles to higher stress are:

e Requiring driving tips for end bearing piles (DM-4 §10.7.8.5P)
e Requiring full-section full-penetration welds when splicing piles. (Standard Drawing BC-757)

7.5 Capacities of Braced and Unbraced Piles

In lieu of reference to AASHTO 86.9.4.1, SOL 483-14-04 calculates the nominal compressive resistance
of fully braced piles as:

Pn = 0.66F A, SOL 483-14-04 Eq. 6.15.3-1

The AASHTO 86.5.4.2-specified material resistance factor, ¢, = 0.50 is then applied resulting in the
factored resistance: P, = ¢.P, = 0.50(0.66)F As.

What about piles having some unbraced length kL? Above-grade examples are shown in Figure 12.
Below grade, embedded piles are assumed to be fully braced (AASHTO LRFD 8§10.7.3.13.1); thisis a
reasonable assumption assuming the presence of a pile cap and no loss of soil through mechanisms such
as scour.

T
Sh

S e e

a) Union Pacific Railway over Feather b) Connection details for PBES: Case Study 3

Creek, Yuba County CA (www.fhwa.dot.gov/bridge/prefab/if09010/appd.cfm)
(www.bphod.com)

Figure 12 Examples of HP sections having an unsupported length.

In this case, SOL 483-14-04 Table 6.15.2-1 directs the designer to AASHTO §6.9.4.1 which defines the
nominal compressive resistance of a steel HP member as follows (we will assume compact sections for
this discussion; thus Q = 1):

P, = 0.6587"°F A AASHTO 6.9.4.1.1-1
in which P, = QF/As
n’E

and Po=——F A AASHTO 6.9.4.1.2-1
(Ke/r)

Table 6.15.2-1 modifies Eq. 6.9.4.1.1-1 as follows, limiting the calculated capacity to 0.66AF, as
follows:

P, = 0.658""F A, < 0.664,F, AASHTO 6.9.4.1.1-1 modified by SOL 483-14-04

It is noted that SOL 483-14-04 Eqg. 6.15.3-1 is the mathematically equivalent to AASHTO Eq. 6.9.4.1.1-1
with Po/P, = 1.
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The impact of using guidance of SOL 483 14-04 Table 6.15.2-1 is illustrated in the following example of
the same axially loaded pile driven into the same soil having different extension lengths (kL). For the sake
of comparison Q = 1.0, K= 1.0 and “severe” driving conditions are assumed. These assumptions affect
resulting capacities but not the overstrength ratios discussed. Consider the following four scenarios whose
calculated capacities are given in Table 25:

Scenario A: a “fully braced” (i.e. fully embedded) HP 12x74 pile.

Scenario B: an HP 12x74 driven in identical soil as Scenario A but having an extension of 10 feet above
the ground level (see Figure 12b, for example). This scenario represents a case of Po/P, <1

Scenario C: an HP 12x74 driven in identical soil as Scenario A but having an extension of 18.4 feet
above the ground level (see Figure 12a, for example). This scenario represents the case of P,/P, = 1.

Scenario D: an HP 12x74 driven in identical soil as Scenario A but having an extension of 22 feet above
the ground level (see Figure 12a, for example). This scenario represents a case of P,/P, > 1

All four scenarios have the same ‘unknowns’ associated with their embedment, most notably, their
effective depth of fixity; thus similar reliabilities should be expected.

Table 25 Calculation of unsupported length corresponding to case in which P, = P,

Scenario A B C D
kL ft 0 10 18.4 22
P, = QAF, Kips - 1090 1090 1090
2
n“E
P=——35 Kips - 3695 1090 763
e (kL/r)Q AS p
P./P. 0.00 0.30 1.00 1.43
AASHTO' P, =0.658""F,A, | kips | 1090 | 961 717 599
AASHTO? $. = 0.50 Kips | 545 480 358 300
Recommendations B _ .
and D (see below) $.=0.33 kips | 363 320 239 200
P, =0.658""°F/A, | .
SOL 483 14-04 < 0.66AF, kips | 719 719 717 599
SOL 483 14-04 $. = 0.50 kips | 360 360 358 300
Overstrength provided
AASHTO/SOL 483 14-04 1.50 1.33 1.00 1.00
Recommendations/SOL 483 14-04 1.00 0.89 0.66 0.66
Recommendations/AASHTO 1.50 1.50 1.50 1.50

! not modified by DM-4 or SOL 483-14-04

As can be seen in from the AASHTO/SOL 483 overstrength ratio shown, the present SOL 483 14-04
results in a varying degree of overstrength when compared to AASHTO and no overstrength is present at
larger values of kL.

Recommendations B and D (see below; essentially using AASHTO Eq. 6.9.4.1.1-1 with ¢. = 0.33), result
in a uniform overstrength when compared to AASHTO. This result achieves a uniform overstrength
compared to the nominal AASHTO-prescribed capacity. Furthermore, the Recommendations may be
said to be ‘calibrated’ to the present AASHTO-prescribed capacity for ‘fully supported’ piles (and
therefore uses the same reliability characteristics; i.e. 1/1.5 = 0.66) and then calculates capacities that
make sense from the perspective of fundamental mechanics; that is, capacity falls as kL increases.

While mathematically identical (i.e.: ¢.0.66AsF, = 0.33AsF, when ¢. = 0.50) the mechanical and
statistical meanings of the 0.66 and ¢, are, in the opinion of the research team, incorrectly applied leading
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to a variation the overstrength when compared to the AASHTO LRFD-prescribed practice. As determined
from the Survey of State practice (Chapter 2), PennDOT is the only jurisdiction that takes this approach.

7.6  Recommendation for Revision to DM-4
The following recommendations are made for the revision of DM-4 (as amended by SOL 483-14-04):

It is recommend that the nominal compressive resistance of braced piles be calculated as P, = F/A; (i.e.,
per AASHTO 2014 Eq. 6.9.4.1.1-1) and a value of ¢, be adopted that addresses the approach to bearing
pile design in Pennsylvania practice which considers factors such as the strength of rock, potential for pile
damage and hammer energy, etc.. Adopting such a single ¢. factor approach would allow most of §6.15.2
and much of 6.15.3 to be deleted from DM-4 thereby better aligning DM-4 with AASHTO, simplifying
design and mitigating opportunities for confusion and/or error.

Adopting the value ¢. = 0.33 for severe driving conditions is mathematically equivalent to the present
SOL 483-14-04 provisions while allowing the noted clauses to be deleted. Limiting driving stress to 0.9F,
= 45 ksi as recommended by AASHTO and SOL 483-14-04 is believed to be appropriate.
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Recommendations for revision to DM-4

Item DM-4 amended by SOL 483-14-04 Proposed revision Rationale
A 5.5.4.2.1 Conventional Construction
« for axial resistance of the concrete portion and
the steel portion of concrete filled steel pipe delete second bullet only (shown) see item C
piles bearing on soluble bedrock in compression
............................................................. ¢ =0.273
5.13.4.1 General 5.13.4.1 General
The following shall supplement A5.13.4.1. The following shall supplement A5.13.4.1.
Piles shall be designed as structural members Piles shall be designed as structural members
capable of safely supporting all imposed loads. | ;hap1e of safely supporting all imposed loads.
A pile group composed...
For concrete filled steel pipe piles bearing on
soluble bedrock (limestone, etc.), the calculated
net bearing stress shall not exceed 9 ksi.
A pile group composed ...
B 6.5.4.2 Resistance Factors 6.5.4.2 Resistance Factors The impact of the proposed revisions on the

The following shall supplement the pile
resistance factors in A6.5.4.2.

« for axial resistance of piles bearing on soluble
bedrock ... ¢.=0.273

« for axial resistance of concrete filled pipe
piles, see D5.5.4.2

The following shall replace the pile resistance
factors in A6.5.4.2.

« for axial resistance of piles in compression and
subject to damage due to severe driving
conditions where use of a pile tip is necessary
............................................................. 0. =0.33

« for axial resistance of piles in compression
under good driving conditions where use of a
pile tip is not necessary..........ccouen..... o =0.40

« for axial resistance of steel portion of concrete
filled pipe piles in compression........... ¢.=0.33

« for combined axial and flexural resistance of
undamaged piles:

axial resistance .............cccceeienene. 0 = 0.80
axial resistance (H-piles) ........cc........ ¢, =0.46
flexural resistance ............ccccceeeeeee. @ = 1.00

calculation of P, are mathematically identical to
the SOL 483-14-04.

Reversion to the ¢, values given in DM-4
(2012) —i.e.: (in order shown) 0.35, 0.45, 0.35 —
would represent only a marginal difference and
is not believed to affect design in a meaningful
way. That is, withdrawing SOL 483-14-04 is
sufficient.

see item C for rationale for deletion of third
bullet
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6.15.2 Structural Resistance

The following shall supplement A6.15.2.

For piles bearing on soluble bedrock (limestone,
etc.), the ¢ factor of 0.273 shall be applied to
the axial capacity of the pile to provide pile
group redundancy and limit the design stress to
9 ksi.

Table 6.15.2-1 — Pile Resistance References

6.15.2 Structural Resistance

The following shall supplement A6.15.2.

For piles bearing on soluble bedrock (limestone,
etc.), the calculated net bearing stress shall not
exceed 9 Ksi.

delete Table 6.15.2-1 in its entirety

As discussed in Section 1.6.2, this proposed
revision is more concise than the present
wording and captures the true intent of the
provision — to limit the bearing stress on the
rock, not the pile.

Table is not required with proposed revision B

6.15.3 Compressive Resistance
The following shall supplement A6.15.3.

The design of steel piles shall follow A6.9,
except as specified herein.

For braced H-piles and braced unfilled steel
pipe piles, the nominal compressive resistance
shall be taken as:

P,=0.66F,A, (6.15.3-1)
where the and the slender element reduction
factor, Q, shall be 1.0. For H-piles and unfilled
steel pipe piles with unbraced lengths, the
nominal compressive resistance shall be
established in accordance with A6.9.4. For
unbraced unfilled steel pipe piles, the values of
P, computed from A6.9.4 shall not exceed
P,=0.66F A

For H-piles, the computed values of P,, the
factored resistance, shall not exceed those
established in Tables D6.15.3.2P-1 and
D6.15.3.2P-2. For concrete filled steel pipe
piles, see D5.13.4.7.1P for the factored
resistance.

6.15.3.1 Axial Compression

The following shall replace A 6.15.3.1.

For piles under axial load, the factored
resistance of piles in compression, P,, shall be
taken as specified in A6.9.2.1 using the
resistance factor, ¢, specified in A6.5.4.2
except as specified herein.

6.15.3 Compressive Resistance
The following shall supplement A6.15.3.

The design of steel piles shall follow A6.9,
except as specified herein.

6.15.3.1 Axial Compression

The following shall replace A 6.15.3.1.

For piles under axial load, the factored
resistance of piles in compression, P,, shall be
taken as specified in A6.9.2.1 using the
resistance factor, @, specified in D6.5.4.2.

6.15.3.2 Combined Axial Compression and
Flexure

The following shall replace A 6.15.3.2.

Piles subjected to axial load and flexure shall be
designed in accordance with A6.9.2.2 using the
resistance factors, ¢ and ¢y, specified in
D6.5.4.2.

Vertical H-pile foundations designed using
COM®624P or LPILE per D10.7.3.12.2P may
use the values given in Tables 6.15.3.2P-1 and
6.15.3.2P-2.

where:

D = Depth of the pile (in.)

Area = Area of the pile (in.?)

Iy, I, = Moment of inertia about their respective
axis (in.*)

P.str = Factored axial resistance (kips)

P, = Factored axial resistance for combined

Consistent with Item B, the proposed revisions
essentially return to DM-4 (2012) wording
which is more concise.

Revised Tables 6.15.3.2P-1 and 6.15.3.2P-2 are
provided following this table of revisions.
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6.15.3.2 Combined Axial Compression and
Flexure

The following shall replace A 6.15.3.2.

Piles subjected to axial load and flexure shall be
designed in accordance with A6.9.2.2 using the
resistance factors, @ and ¢y, specified in
A6.5.4.2.

Vertical H-pile foundations designed using
COMG624P or LPILE per D10.7.3.12.2P may
use the values given in Tables 6.15.3.2P-1 and
6.15.3.2P-2.

where:

D = Depth of the pile (in.)

Area = Area of the pile (in.?)

I, Iy = Moment of inertia about their respective
axis (in.*)

P.str = Factored axial resistance (kips)

P, = Factored axial resistance for combined
axial and flexural resistance (kips)

M, M, = Factored flexural resistance of the
vertical pile in the x-axis and y-axis,
respectively (Kip-ft.)

axial and flexural resistance (kips)

M, M, = Factored flexural resistance of the
vertical pile in the x-axis and y-axis,
respectively (kip-ft.)

AASHTO Egq. 6.12.2.2.1-2:

Sy Y Ar -
My = 1—[1——y] —L " Rz,
Zy ) 0.45.[E/F,

AASHTO Egq. 6.12.2.2.1-2:

S As —A
M. 1_(1__@4 v,
Zy ) 045 [E/F,

As discussed in Section 1.6.4, the rationale for
this change is that My, is defined by AASHTO
LRFD to be 1.5S,F, for HP sections in
C6.12.2.2.1. The intent of Eq. 6.12.2.2.1-2 is to
modify the plastic moment capacity. For some
HP sections Z,/S, > 1.5 (when applying a
uniform section loss of 1/16 in., more HP
sections are affected), thus without the proposed
revision, it is possible for a pile having
noncompact flanges to have a capacity greater
than a pile with compact flanges. This is
mechanically inconsistent.

55




The following are proposed revisions to Tables 6.15.3.2P-1 and -2 reflecting all

recommendations.

proposed

Table 6.15.3.2P-1 — H-Pile Properties, Factored Axial and Flexural Resistances with Full Pile Section. Fy= 50 ksi

Prere Factored Combine_d Axial and
Flexural Resistance
Section Depth, D | Area, A Ix ly severe good soluble P, Moy | My,*
0.33ASF, | 0.40AGF, | Al(9ksi) | 0.46ASF, A6.12.2.2.1

(in.) (in) (in%) (in%) (kips) (kips) (kips) (kips) (kip-ft) (kip-ft)
14x117 14.21 34.4 1220 443 568 688 310 791 806 371
14x102 14.01 30 1050 380 495 600 270 690 671 307
14x89 13.83 26.1 904 326 431 522 235 600 550 252
14x73 13.61 214 729 261 353 428 193 492 404 186
12x84 12.28 24.6 650 213 406 492 221 566 500 216
12x74 12.13 21.8 569 186 360 436 196 501 424 185
12x63 11.94 18.4 472 153 304 368 166 423 335 145
12x53 11.78 155 393 127 256 310 140 357 259 112
10x57 9.99 16.8 294 101 277 336 151 386 277 123

' M, is based on Recommendation E
Table 6.15.3.2P-2 — H-Pile Properties, Factored Axial and Flexural Resistance with 1/16" Section Loss. Fy= 50 ksi

Prer Factored Combined Axial and
Flexural Resistance
| Depth,p | Area I, ly p o] 5 Mo | M
Section A, severe goo soluble ' x ny
0.33A, F, | 0.40A,F, | A, (9ksi) | 0.46A,F, A6.12.2.2.1
(in.) (in) (in®) (in®) (Kips) (kips) (Kips) (Kips) (Kip-ft) (Kip-ft)
14x117 14.09 28.73 1019 365 474 575 259 661 636 292
14x102 13.89 24.39 853 305 402 488 220 561 501 231
14x89 13.71 20.51 708 253 338 410 185 472 384 178
14x73 13.49 15.83 537 192 261 317 142 364 244 114
12x84 12.16 19.81 521 168 327 396 178 456 377 163
12x74 12.01 17.02 443 143 281 340 153 391 304 132
12x63 11.82 13.66 349 112 225 273 123 314 215 94
12x53 11.66 10.81 272 87.5 178 216 97 249 142 63
10x57 9.87 12.84 224 75.6 212 257 116 295 195 87

' M,y is based on Recommendation E
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Appendix A - test parameters of the 52 H-pile tests reported in Pub 15A

. Stress Gross
H-pile . . . N Ultlma_lte Corresponding settlement at
# Section General Soil Conditions Material at Pile Tip C?tpc))a:](;l)ty to Ultimate ultimate
Capacity (ksi) capacity (in.)

1 | 10x42 | Fine-grained and Mixed strata Decomposed mica-schist 172 27.7 1.05
2 | 14x89 Mixed-strata Decomposed Mica-Schist 240 18.4 0.90
3 10 x 42 Mixed-strata Stiff Sandy Clay >180 >29.0 -

4 14 x73 Mixed-strata Decomposed Mica-Schist >190 >17.8 -

5 | 14x73 Mixed-strata Dense fine Sand >190 >17.8 -

6 | 14x73 Mixed-strata Dense fine Sand >150 >14.0 -

7 | 14x73 Mixed-strata Dense fine Silty Sand >190 >17.8 -

8 | 14x73 Fine-grained Boring did not extend to tip >190 >17.8 -

9 | 14x73 Mixed-strata Sandy clay >190 >17.8 -
10 | 10x 42 No soil information available >200 >32.3 -
11 | 14x89 Mixed-strata Decomposed Mica-Schist 241 18.5 0.98
12 | 10x57 Mixed-strata Shale W/Sandy Laminae 145 174 0.60
13 | 12x74 Mixed-strata Shale W/Sandy Laminae 256 23.5 0.78
14 | 10x 42 Mixed-strata Shale W/Sandy Laminae 144 23.2 0.72
15 | 12x74 Mixed-strata Shale W/Sandy Laminae 238 21.8 0.73
16 | 10x57 Mixed-strata Shale W/Sandy Laminae 146 175 0.62
17 | 12x74 Coarse-grained Soft Shale 291 26.7 0.90
18 | 12x74 Coarse-grained Soft Shale 262 24.0 0.88
19 | 10x57 Fine-grained Very soft Shale (Redbeds) 79 9.5 0.35
20 | 12x74 Fine-grained Very soft Shale (Redbeds) 97 8.9 0.36
21 | 10x42 Fine-grained Very soft Shale (Redbeds) 106 17.1 0.47
22 | 12x74 Fine-grained Very soft Shale (Redbeds) 156 14.3 0.43
23 | 10x57 Fine-grained Very soft Shale (Redbeds) 168 20.1 0.42
24 | 10x57 Coarse-grained Soft Shale W/Clay Seams 85 10.2 0.44
25 | 12x74 Coarse-grained Soft Shale W/Clay Seams 89 8.2 0.44
26 | 10x42 Coarse-grained Soft Shale W/Clay Seams 147 23.7 0.58
27 | 12x74 Coarse-grained Soft Shale W/Clay Seams 122 11.2 0.45
28 | 10x57 Coarse-grained Soft Shale W/Clay Seams 153 18.3 0.52
29 | 10x57 Coarse-grained Soft Shale W/Clay Seams 181 21.7 0.55
30 | 12x74 Coarse-grained Soft Shale W/Clay Seams 240 22.0 0.60
31 | 12x53 Mixed-strata Stiff Silty Clay 120 15.5 0.78
32 | 12x53 Mixed-strata Stiff Silty Clay 126 16.3 0.80
33 | 12x53 Mixed-strata Stiff Silty Sand >145 >18.7 -
34 | 12x53 Mixed-strata Stiff Silty Clay 111 14.3 0.73
35 | 12x53 Mixed-strata Stiff Silty Clay 105 135 0.68
36 | 12x53 Mixed-strata Stiff Silty Clay 120 155 0.74
37 | 12x53 Mixed-strata Stiff Silty Clay 112 145 0.78
38 | 12x53 Mixed-strata Stiff Silty Clay 85 11.0 0.63
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_ Ultimate Stress _ Gross
# S':;?;(I; General Soil Conditions Material at Pile Tip C?tpc))a:](;i)ty C?;rasi?i%]:tg]g Setj:fir:]ni?; at
Capacity (ksi) capacity (in.)
39 | 12x53 Mixed-strata Stiff Silty Clay 107 13.8 0.69
40 | 12x53 Mixed-strata Compact Clay >145 >18.7 -
41 | 12x53 Mixed-strata Stiff Silty Clay 91 11.7 0.63
42 | 12x53 Mixed-strata Stiff Silty Clay 61 7.9 0.51
43 | 10x 42 Mixed-strata Stiff Silty Clay 39 6.3 0.45
44 | 10x42 Mixed-strata Stiff Silty Clay 93 15.0 0.83
45 | 10x 42 Mixed-strata Stiff Silty Clay >110 >17.7 -
46 | 12x53 Mixed-strata Stiff Silty Clay 70 9.0 0.52
47 | 12 x53 Mixed-strata Stiff Silty Clay 76 9.8 0.58
48 | 12x53 Mixed-strata Stiff Clay 39 5.0 0.40
49 | 12x53 Mixed-strata Stiff Silty Clay 75 9.7 0.54
50 | 12x53 Mixed-strata Compact Clay >140 >18.1 -
51 | 12x53 Mixed-strata Stiff Clay 140 18.1 0.70
52 | 14x 89 Mixed-strata Silty Shale 300 37.3 0.70
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Appendix B — lllustrative examples of reliability calculation

The PennDOT risk management policy as outlined in DM-4, is based on local conditions, experience and
judgment. The following illustrative statistical analysis does not reflect the true construction and geologic
conditions within Pennsylvania.

The following are illustrative examples of the effects of using reduced material resistance factors as
prescribed in DM-4. The calculations, admittedly, use simplifications since appropriate input data is not
available. The examples are intended to illustrate trends rather than specific values. Detailed derivations
of the LRFD basis for reliability, material resistance factors and load factors are provided in Load and
Resistance Factor Design (LRFD) for Highway Bridge Substructures (NHI 2001).

As a rule of thumb, a [geotechnical] reliability coefficient of § = 2.5 corresponds to an appropriate
reliability for a 50-100 year structure life, while = 3.5 corresponds to 200-500 years (NHI 2001 and
Reese and O’Neil 1988). For example, B = 3.5 is used in conventional seismic design in which the return
period for the design earthquake is 472 years (10% probability of exceedance in 50 years).

Reliability is based on the probability of failure; that is the probability that the effects of load (Q) exceed
the available resistance (R); in general: P[R>Q]. For lognormal distribution of R and Q and g values
between 2 and 6 (NHI 2001):

P[R>Q] = 460¢e*** (B1)

mean (R—-Q) __ R-Q
standard deviation (R—Q) - OR-Q

Where B is the reliability index described as § =

For most structural engineering applications, a value = 3.5 is reasonably assumed equating to a
probability of failure of P[R>Q] = 0.000134 or 1 in 7471. Due to the acknowledged conservative nature
of geotechnical assumptions, a lower index of f#= 2.5 (P[R>Q] = 0.00986 or 1 in 101) is sometimes
assumed when R represents a geotechnical capacity. Regardless of the choice of 4 the following
calculations remain valid; only the values change.

From the statistical distribution of R obtained from material tests, we define the mean and coefficient of
variation of the material capacity, R and COVg. The resulting material resistance factor is then
approximated as:

b ~ Rﬂe—o.ssﬂcovR (B2)

n

In which R, is the nominal capacity of the material (F,, say).

For the sake of illustration, we assume values of R and COVy for structural steel to be 1.05R,, and 0.08.
From these values, with no other factors considered and a target 5= 3.5, we obtain the typical value of ¢ =
0.9 for steel:

6= 1.(;5Rne_o.55(3-5)(0-08) =0.90 (B2a)

In order to assess what is implied by the AASHTO factors for piles, we will consider the case of axial
capacity in severe conditions (¢ = 0.5) and a target value of = 3.5. The pile capacity itself (R) does not
change therefore the effectively implied variation accounting for other factors identified in §6.15.2 may
be found to be COVR = 0.385. That is:

¢ = 1-(;5Rne—0.55(3.5)(0.385) =0.50 (B2b)

Using COVR = 0.385, we can do one of two things using the PennDOT value ¢ = 0.33:
1. Calculate the implied COVg for PennDOT practice leaving = 3.5: COVgpa = 0.60; that is:
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b= 1.05Rne—0.55(3-5)(0'60) = 0.33 (52)

Rn

This is an increase of 56% over AASHTO-assumed variation.

2. Calculate the implied increase in reliability index leaving COVy = 0.385: = 5.46; that is:

¢ = 1-(;5Rne—0.55(5.46)(0.385) = 0.33 (B2d)

This implies of probability of failure of P[R>Q] ~ 3 x10® or 1 in 34 million!

Although reality lies somewhere between these cases having some combination of g x COVy = 2.1,
neither result, in the opinion of the Research Team, may be rationalized.

Repeating the same calculations with = 2.5 leads to:
Equation B2b: implied COVR =0.52
Equation B2c: implied COVgpa = 0.84; a 61% increase
Equation B2d: implied g = 4.04 (P[R>Q] = 0.000013 or 1 in 76,000)

This Appendix demonstrates that the linear reduction of the material resistance factor implies a highly
nonlinear effect on resulting reliability. From the perspective of risk and reliability, it is beyond the scope
of this project to propose a new value of ¢.. Thus the recommendation of ¢. = 0.33 is simply an
acceptance of PennDOT’s perception of risk.
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Appendix C — Summary of State H-pile Provisions Available Online

(these may not be current)

Permit
Fy,=50ksiin | Specify F,=
State determining 50 ksi Notes
structural material
capacity?
Al allowable stress = 13 ksi based on 1.45 x 0.25F, which implies F, = 36
abama yes yes Ksi
Alaska yes yes cites ASTM A709 Grade 50T3
Arizona yes yes cites ASTM A719 Grade 50 although silent on design capacity
“H-piles are generally classified as friction piles”
A permitted, see | ., . N
rkansas no note Steel H-piles shall conform to AASHTO M270 Grade 36 or greater
e 0.25F, limit on reduced section (1/16” section loss all around); 0.9F
California yes yes Y X y
driving stress on gross section.
“All projects with piling shall require a minimum 26,000ft-Ib hammer;
therefore, no piling should be used with a section area less than an
Colorado unknown unknown HP12X53.
In reference to superstructure components: “ASTM A36 should be used
for member and components where higher yield strength steel would not
appreciably reduce the required section.”
cites ASTM A719 Grade 50 although silent on design capacity
Connecticut yes yes “Piles end bearing on bedrock or dense hardpan typically are steel H-
piles.”
DelDOT Bridge Design Manual implies F, = 36 ksi but is reported to be
Delaware yes, see note yes y
out of date. (see App. F)
“Miscellaneous... shapes... shall conform to ASTM A709, Grade 36. ...
Florida no no Use ASTM A 709 HPS 50W or HPS 70W for steel substructure elements
excluding piles.”
. “use 36 ksi steel H-pile in design unless the BFI calls for 50 ksi piles”;
Georgia yes, see note yes design explicitly refers to AASHTO 10.7
Hawaii no no ASTM AZ36 is cited
0.75F, driving stress limit;
ldaho yes, see note permitted, see | “For economy 36 ksi steel shoulq be sp_eciﬁed ir_l most cases bec_au_se the
' note large ultimate loads that are possible with 50 ksi steel are very difficult to
achieve and verify with standard pile driving equipment”
Illinois yes, see note yes Maximum nominal structural resistance is limited to 0.54F A,
“minimum” F, = 50 ksi specified. A “maximum nominal soil resistance”,
Indiana yes, see note yes defined as 27.5 ksi = 0.55AF, (F, = 50 ksi), is prescribed in addition to
structural resistance and bearing capacity.
lowa yes, see note yes Maximum nominal structural resistance is limited to 0.725AF,.
Kansas yes yes “Unless specified otherwise, provide steel that complies with ASTM A
709 Grade 50 or ASTM A 572 Grade 50”
Kentucky yes yes 0.25F, limit
0.25F, to 0.33F, limit; F, = 36 ksi is implied by values given in Design
Louisiana no no Manual; AASHTO M270, Grade 36 is cited. Additionally, “pile loads
shall be within 75% of the structural capacity of the piles”
“minimum” Fy = 50 ksi
“Experience in using 50 ksi steel for H-Pile foundations has shown that
Maine yes, see note yes the factored axial geotechnical resistance frequently governs design. This

is particularly apparent for end-bearing piles on poor-quality and/or soft
bedrock and for friction piles.”
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Permit

Fy,=50ksiin | Specify F,=
State determining 50 ksi Notes
structural material
capacity?
Maryland data not found
Massachusetts yes yes refers exclusively to AASHTO LRFD
Michigan no yes allowable stress = 9 ksi; AASHTO M270 Grade 50 required.
Minnesota yes yes ASTM A 572, Grade 50 is cited
Mississippi yes yes “The minimum structural steel grade shall be 50 ksi. No structural bridge
components shall be specified as grade 36 ksi.”
. “Steel piling shall be ASTM A709 (Grade 36) unless structural analysis
Missouri yes, see note permrlltéfg, €€ | or drivability analysis requires ASTM A709 (Grade 50) steel.”;
otherwise refers exclusively to AASHTO
Montana no no “Furnish structural steel piles meeting requirements of ASTM A36”
Nebraska no no “"H" pile and other pile shall meet the requirements in ASTM A6.”
Nevada yes yes refers to AASHTO LRFD
New “Steel H—pile_s should be based on a yit_eld strength I_:y of 36,000 psi_(250
Hampshire no, see note no, see note MPa).. If a yield strength of 50,000 psi (345 MPa) is needed a special
provision is required.”
New Jersey yes, see note yes “Material for steel H-piles shall conform to AAASHTO M270 Grade 50”
New Mexico yes yes ASTM A 572, Grade 50 is cited
New York yes yes (see App. F)
North. no no allowable stress =~ 9 ksi
Carolina
North Dakota yes yes 0.25F, limit; effectively: ASD with 12.5 ksi
Ohio yes yes (see App. F)
Oklahoma yes yes cites AASHTO M270 (ASTM A572 Grade 50)
“Structural steel for steel piling, metal sign structures and other
. incidental structures should conform to ASTM A36, ASTM A572 or
Oregon yes, see note permitted, see ASTM A588.”
note Based on design tables provided, maximum nominal structural resistance
is limited to approximately 0.6AsF,
Pennsylvania yes yes
Rhode Island yes yes refers exclusively to AASHTO LRFD
South . _ “Grade 36 is typically use(_i for steel_piles. Grad.e 36.steel is becoming
Carolina uncertain uncertain Igss used and thus less available at time. There is a little or no cost
difference between Grade 50 and Grade 36.”
South Dakota no no cites ASTM A36
Tennessee no no “Structu'ral steel piles shall be rolled steel sections and shall be meeting
the requirements of ASTM A 36.”
“For H-piling, furnish steel that meets ASTM A572 Grade 50 or ASTM
Texas no, see note yes AS588.” Texas specifies maximum bearing capacity by pile depth (i.e.:
HP10, HP12) without citing pile weight. Values are low.
Utah no no cites ASTM A36
Vermont yes yes refers exclusively to AASHTO LRFD
Virginia yes, see note yes cites ASTM A36, A572 or A992; factors same as AASHTO LRFD
Washington no no allowable stress = 9 ksi
West Virginia | yes, see note permr']téfg’ see F, = 36 ksi specified but F, = 50 ksi is permitted
Wi . required F, = 50 ksi although F, = 36 ksi is used for design and F, = 50
Isconsin no Yes ksi is permitted for driveability analysis
p y analy
Wyoming yes permitted, see cites ASTM A709 Grade 36 or 50

note
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Appendix D — Regional Survey Instrument

University of Pittsburgh Letterhead

1 August 2014 electronic transmission via PennDOT
RE: USE OF 50 ksi STEEL AS DESIGN BASIS FOR H-PILES - STATE OF PRACTICE SURVEY

The Structural Engineering and Mechanics Group in the Department of Civil Engineering at the University of
Pittsburgh, funded by the Pennsylvania Department of Transportation (PennDOT), is conducting a study aimed at
establishing the state of practice for the use of steel H-piles (HP sections) having a yield strength of 50 ksi, rather
than 36 ksi.

Your assistance is requested in completing the attached survey. This survey has been approved by PennDOT and the
University of Pittsburgh Institutional Review Board.

The survey responses will be tabulated and all identifying remarks stricken prior to any publication of results. In this
way, presentation of the responses will be anonymous to all but myself, the graduate student assisting with this
project and the project oversight committee. Nonetheless, we ask that you provide your contact information so that
we may “check off” your organization’s response and provide you a copy of the survey results.

We ask that you complete the survey, preferably electronically (the survey is provided in MSWord and Adobe PDF
format for your convenience), and return it before September 15, 2014 to:

Dr. Kent A. Harries, P.Eng.
kharries@pitt.edu
fax: 412.624.0135

Thank you for your assistance with this survey. Please feel free to contact me at any time.

Sincerely,

Signature

Kent A. Harries, Ph.D., P.Eng.
Associate Professor
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State-of-Practice Survey
STEEL H-PILES

Survey completed by:

Name: Title:
Jurisdiction: email;
Address: Telephone:

PLEASE RETURN COMPLETED SURVEY BEFORE September 15, 2014 TO:

Kent A. Harries

University of Pittsburgh

Civil and Environmental Engineering
742 Benedum Hall

Pittsburgh PA 15261

fax: (412) 624-0135
kharries@pitt.edu

Introduction
In responding to this survey, please consider current practice (since 2012) in your jurisdiction only.

The survey asks about H-piles designed using a nominal yield strength of F, = 50 ksi. We recognize that
the ‘preferred material specification’ for H-pile shapes (designated HP) is ASTM A572 Grade 50 High
Strength-Low Alloy Steel and that the actual yield strength will exceed 50 ksi. Nonetheless, in many
cases, permitted capacity for design is 36 ksi.

The purpose of this research study is to assess the current state of practice associated with the use of
steel H-piles having yield strength of 50 ksi. If you are willing to participate, you will be asked to
provide your professional contact information and direct responses to the survey questioned asked.
There are no foreseeable risks associated with this project, nor are there any direct benefits to you.
Your participation is voluntary. All surveys will be kept in confidence and responses will be stripped
of remarks identifying an individual, organization or jurisdiction. This study is being conducted by Dr.
Kent A. Harries, who can be reached at 412.624.9873 or kharries@pitt.edu, if you have any questions.
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1. Does your jurisdiction permit the use of F, = 50 ksi for the design of steel H-piles?

Yes No

If No to Question 1, please respond to Question 2 and your survey is complete.
If Yes to Question 1, please go to Question 3

2. Is there any reason for not permitting the use of F, = 50 ksi for the design of steel H-piles?

Thank you for your time in completing this survey, please return Survey to kharries@pitt.edu

3. When did your jurisdiction adopt the use of F, = 50 ksi for the design of steel H-piles?

4. Is F, = 50 ksi used in design of steel H-piles regularly?

Yes No

If No to Question 4, please continue to Question 5
If Yes to Question 4, please go to Question 6

5. Under what conditions is F, = 50 ksi used for the design of steel H-piles?

6. Approximately how many H-pile projects, designed using F, = 50 ksi for the structural capacity of the
piles have been installed in your jurisdiction?

7. Approximately what proportion of piles installed since 2010 were designed with F, =50 ksi?
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8. What are the most common 50 ksi H-pile sections used?

9. What is/was the most common 36 ksi H-pile sections used?

10. Does your jurisdiction realise any advantages to using F, = 50 ksi in the design of steel H-piles (e.g.:
fewer piles, smaller piles, more efficient driving, etc.)?

11. Has your jurisdiction had any difficulties or issues arising in the design of steel H-piles having F, =
50 ksi? (e.g.: geotechnical capacity, increased settlement, etc.)

12. Has your jurisdiction had any difficulties or issues arising in the driving of steel H-piles designed with
F, = 50 ksi?

13. How long have H-piles designed with F, = 50 ksi been in-service, and has your jurisdiction had any
difficulties or issues arising in the overall performance of these piles?

68




14. Has the adoption of steel H-piles having F, = 50 ksi required changes to related standards (pile cap
design or geotechnical limitations, may be examples)?

15. Does your jurisdiction have any limitations on the use F, = 50 ksi for the design of steel H-piles?

16. How is the compressive structural capacity of H-piles designed with F, = 50 ksi determined? (For
example, P, = A, (50 ksi), or P, = 0.25A,(50 ksi), etc.)

17. Does your jurisdiction perform WEAP analyses in order to formally approve pile hammers as
submitted by contractors?

18. Is PDA and/or CAPWAP required for test piles and/or production piles?

19. Does your jurisdiction consider pile settlement in “weak rock” as limiting 50 ksi H-pile capacity? If
so, how do you define “weak rock”.

Thank you for your time in completing this survey, please return Survey to kharries@pitt.edu
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Individual Survey Responses

Question PennDOT Ohio DOT New York State DOT Delaware DOT
Does your jurisdiction permit the use
of Fy = si for the design of stee es es es es
1 f Fy = 50 ksi for the design of steel y y y y
H-piles?
When did your jurisdiction adopt the L/\ée;rt?nr::]tt %\g’a;i (;];I\(I)er\]/ie: t:ie of 50
3 use of Fy =50 ksi for the design of 11.27.2013 2010 approximately 2004 K p ! ol 9 ifth g £50 ksi
steel H-piles? si steel piles, or if the use o 50 ksi
' steel H-Piles was ever forbidden.
Is Fy =50 ksi used in design of steel
4 H-piles regularly? yes yes yes yes
5 lLJJSr;ijefrovrv?;é ggg%ﬂ%r}ssg;"; Si(l)elgf)l [did not respond] [did not respond] [did not respond] [did not respond]
Approximately how many H-pile .
- : - . Since 2005, | would say that
projects, designed using Fy = 50 ksi . . . From May 2012 to July 2014 there R . .
3] for the structural capacity of the piles 'Zo‘g proximately 10 projects out of 80 in over 100 were 20 bridges had H-piles with 50 approx imately 10 bridge IoEatlons_
- - 14 AN have incorporate use of Fy = 50 ksi
have been installed in your ksi Yield installed. steel piles
jurisdiction? pries.
Approximately what proportion of For steel piles, 100% of the piles to
7 piles installed since 2010 were Approximately 10 out of 605 100% F:gn;r'\t/ilgx @21233 /July 2014 the our knowledge were designed with F,
designed with F, = 50 ksi? prop > = 50 ksi.
8 What are the most common 50 ksi H- HP12x74 HP10x42, HP12x53 and HP14x73 HP10x42, HP10x57,HP 12x53 and HP10 and HP12
pile sections used? HP12x84.
9 Wh?t lslwa_s the most common 36 ksi HP12x74 none HP10x42, HP10x57 and HP12x53. responded] na
H-pile sections used?
Yes, in most instances where we
incorporate use of H-Piles, we tend to
drive to the bedrock. This is where we
Lo . - . realize advantages of using a Fy =
Does your jurisdiction realise any Yes, it is estimated that the Fewer and smaller sized piles. Yes, more efficient driving. 50Kksi steel H-Piles, especially because
10 | advantages to using Fy = 50 ksi in the Department will save approximately the rock bed tends to consist of aneiss
design of steel H-piles? $1.0m annually in steel cost savings. g
rock. | would say that we see more
benefits to use of 50 ksi steel piles for
driving conditions rather than to resist
design loads (Strength I, etc.).
Has your jurisdiction had any None. Commonly available pile We have not encountered anv issues
difficulties or issues arising in the driving hammers in Ohio are the e 4 —
11 . : ! _ no L no specifically because we used F, = 50
design of steel H-piles having F, = 50 limiting factor as far as the ki steel H-piles
ksi? geotechnical resistance is concerned. pries.
Has your jurisdiction had any
difficulties or issues arising in the
12 driving of steel H-piles designed with no no no Not to our knowledge.
F, = 50 ksi?
How long have H-piles designed with To our knowledge, we have not used
Fy =50 ksi been in-service, and has In-service less than 1-vear. no issues Approximately 10 years and no we 36 ksi piles for a long time; | would
13 | your jurisdiction had any difficulties year, since 2010, none have not had any difficulties or issues say that we have been using 50 ksi

or issues arising in the overall
performance of these piles?

thus far.

in performance.

piles for at least the past 20 years. And
also to our knowledge, we have never
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Question PennDOT Ohio DOT New York State DOT Delaware DOT
had any issues with the overall
performance of the piles themselves,
and any issues we have would be as
result to geotechnical conditions
(boulders, etc.). But we have mostly
countered this issue by adding a
contingency predrilling item for
driving.
Has the adoption of steel H-piles Not necessarily “required”, but made Our d;emgntlf roctedu;e relmfla\lns thte
14 | having F, = 50 ksi required changes to | all splice welds full-penetration or [did not respond] no samedlor 0 fer irucf::ura Ie ements f
related standards? required the use of a “splicer” regaraess or wi at F -value we use for
our H-Piles.
Does your jurisdiction have any
15 | limitations on the use F, = 50 ksi for no no no no
the design of steel H-piles?
. . The design structural capacity of the
How is the compressive structural Pr = ¢ 0.66A,(50 ksi) Factqged :(_eswt_ance Is the only d The structural strength limit is pile (Strength 1) would be calculated in
16 | capacity of H-piles designed with Fy, = ¢ =0.50 (cjo_ns_l erd '((’P 1.€. SEVEre Vs goo determined using the AASHTO LRFD | accordance to Chapter 6 of the most
50 ksi determined? [see Task 1 report] Iriving conditions Code. current AASHTO LRFD Bridge
[i.e., AASHTO] LA
Specifications.
We do not perform our own WEAP
Does your jurisdiction perform WEAP analysis. But it is required in our
17 analyses in order to formally approve ves ves ves specifications that it is the contractor’s
pile hammers as submitted by responsibility to perform WEAP
contractors? analysis and submit the report for the
department’s approval.
. . We require PDA and CAPWAP for all
18 Is PDA and/or CAPWAP req_unred for No, but generally PDA is only yes Only on a few projects a year. test piles. These test piles often are
test piles and/or production piles? performed for test piles. L
also used as a production pile.
We will evaluate the bearing capacity
of the rock using RQD test results and
the type of rock encountered in
accordance to Chapter 10 in the
AASHTO LRFD Bridge
OhioDOT has a refusal criteria for Specifications and Chapter 4 in the
piles driven to bedrock which is 20 Standard Specifications for Highway
Does your jurisdiction consider pile C10.7.3.2.2_ blows/in_ch qfter several inches Bridges. Ag for_the settlement, we tend
settloment in “weak rock” as limitin The following shall supplement penetration into weak rock or 20 blows not to consider it due to heavy
19 g AC10.7.3.2.2. Soft and weak rock for less than an inch of penetration no presence of gneiss rock, which is

50 ksi H-pile capacity? If so, how do
you define “weak rock”.

may be considered rock with uniaxial
compressive strength less than 500 tsf.

after contacting sound rock. Settlement
is not a consideration when the piles
are driven to the refusal criteria unless
relaxation is anticipated.

classified as being a “very hard, sound
rock”. We would likely classify a rock
layer as being “weak” regardless of
rock type if the RQD values are low. It
is possible that we do not consider
settlements due to our tendency to
predrill through the weak layer(s) until
we reach the layer that contains a
minimum of 70% RQD.
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APPENDIX E - GRLWEAP RESULTS

Table E1 Parametric study results.

Stress | Capacity . Driving
ID HP As at at Length | Friction Toe. Toe Skn} Smallest stress Cal. Energy
refusal | refusal Damping | Quake | Damping | Hammer at stroke
refusal
BASE in® | 1/AFy kips ft % ksi ft k-ft

1 la | 10x57 | 16.8 | 1.00 840 20 0.20 0.10 0.05 0.05 ICE 1-30v2 66 8.86 23.80
2 Ib | 10x57 | 16.8 | 0.66 554 20 0.20 0.10 0.05 0.05 ICE I-12v2 42 9.05 11.40
3 Ic | 10x57 | 16.8 ] 0.50 420 20 0.20 0.10 0.05 0.05 ICE I-12v2 30 6.70 7.20
4 2a | 10x57 |16.8 | 0.70 588 20 0.20 0.10 0.05 0.05 ICE 1-30v2 45 5.95 12.4
5 2b | 10x57 | 16.8 | 0.70 591 20 0.20 0.10 0.05 0.05 ICE I-12v2 45 10.00 | 13.00
6 3 | 10x57 | 16.8 | 0.66 554 20 0.20 0.10 0.05 0.05 ICE 1-30v2 43 5.59 11.10
7 4 | 10x57 | 16.8 | 045 375 20 0.20 0.10 0.05 0.05 ICE 1-30v2 25 4.20 5.70
8 la | 10x57 | 16.8 | 1.00 840 20 0.30 0.10 0.05 0.05 ICE 1I-30v2 64 8.93 24.10
9 Ib | 10x57 | 16.8 | 0.66 554 20 0.30 0.10 0.05 0.05 ICE I-12v2 40 9.10 11.60
10 Ic | 10x57 | 16.8 ] 0.50 420 20 0.30 0.10 0.05 0.05 ICE I-12v2 29 6.70 7.20
11 2a | 10x57 | 16.8 | 0.70 588 20 0.30 0.10 0.05 0.05 ICE 1-30v2 45 5.95 11.80
12 2b | 10x57 | 16.8 | 0.71 600 20 0.30 0.10 0.05 0.05 ICE I-12v2 45 10.30 | 13.80
13 3 | 10x57 | 16.8 | 0.66 554 20 0.30 0.10 0.05 0.05 ICE 1-30v2 41 5.60 11.10
14 4 | 10x57 [ 16.8| 0.44 372 20 0.30 0.10 0.05 0.05 ICE 1-30v2 25 4.20 5.70
15 la | 10x57 | 16.8 | 1.00 840 50 0.20 0.10 0.05 0.05 ICE 1-30v2 59.7 11.40 | 42.90
16 Ib | 10x57 | 16.8 | 0.66 554 50 0.20 0.10 0.05 0.05 PilcoD1942 | 38.0 8.30 18.80
17 Ic | 10x57 | 16.8 ] 0.50 420 50 0.20 0.10 0.05 0.05 ICE I-12v2 29.1 7.40 10.60
18 2a | 10x57 | 16.8 | 0.74 618 50 0.20 0.10 0.05 0.05 ICE 1-30v2 45.0 7.90 25.10
19 2b | 10x57 | 16.8 | 0.75 627 50 0.20 0.10 0.05 0.05 PilcoD1942 | 44.6 10.10 | 25.00
20 3 | 10x57 | 16.8 | 0.66 554 50 0.20 0.10 0.05 0.05 ICE 1-30v2 39.2 6.70 19.20
21 4 | 10x57 | 16.8 | 0.43 363 50 0.20 0.10 0.05 0.05 ICE 1-30v2 24.7 4.50 8.50
22 la | 10x57 | 16.8 ] 1.00 840 50 0.30 0.10 0.05 0.05 ICE 1-36v2 60.3 9.77 43.50
23 Ib | 10x57 | 16.8 | 0.66 554 50 0.30 0.10 0.05 0.05 PilcoD1942 | 36.5 8.40 19.50
24 Ic | 10x57 | 16.8 | 0.50 420 50 0.30 0.10 0.05 0.05 ICE I-12v2 26.3 7.51 10.80
25 2a | 10x57 | 16.8 | 0.76 642 50 0.30 0.10 0.05 0.05 ICE 1-36v2 45.0 7.15 26.70
26 2b | 10x57 | 16.8 | 0.76 635 50 0.30 0.10 0.05 0.05 PilcoD1942 | 434 10.50 | 26.60
27 3 | 10x57 | 16.8 | 0.66 554 50 0.30 0.10 0.05 0.05 ICE 1-36v2 37.6 6.025 | 19.10
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Driving

Stress | Capaci .
ID HP As at pat v Length | Friction Toe' Toe Skn} Smallest stress Cal. Energy
refusal | refusal Damping | Quake | Damping | Hammer at stroke
refusal
BASE in> | 1/AFy kips ft % ksi ft k-ft
28 4 | 10x57 | 16.8 | 0.46 388 50 0.30 0.10 0.05 0.05 ICE 1I-36v2 25 4.50 9.60
29 la | 10x57 | 16.8 | 1.00 840 80 0.20 0.10 0.05 0.05 ICE I-36v2 59.2 10.70 | 58.00
30 Ib | 10x57 | 16.8 | 0.66 554 80 0.20 0.10 0.05 0.05 PilcoD1942 37.0 8.50 22.90
31 Ic | 10x57 | 16.8| 0.50 420 80 0.20 0.10 0.05 0.05 ICE I-12v2 29.0 7.50 12.00
32 2a | 10x57 | 16.8 | 0.80 672 80 0.20 0.10 0.05 0.05 ICE 1-36v2 46.2 8.01 37.00
33 2b | 10x57 | 16.8 | 0.75 632 80 0.20 0.10 0.05 0.05 PilcoD1942 433 10.60 | 31.20
34 3 | 10x57 | 16.8 | 0.66 554 80 0.20 0.10 0.05 0.05 ICE 1-36v2 373 6.41 25.70
35 4 | 10x57 | 16.8 | 0.46 389 80 0.20 0.10 0.05 0.05 ICE 1-36v2 24.8 4.68 13.10
36 la | 10x57 | 16.8 | 1.00 840 80 0.30 0.10 0.05 0.05 ICE 1-36v2 56.6 11.05 | 61.30
37 Ib | 10x57 | 16.8 | 0.66 554 80 0.30 0.10 0.05 0.05 PilcoD1942 32.9 8.65 23.60
38 Ic | 10x57 | 16.8 ] 0.50 420 80 0.30 0.10 0.05 0.05 ICE I-12v2 26.0 7.64 12.20
39 2a | 10x57 | 16.8 | 0.80 674 80 0.30 0.10 0.05 0.05 ICE 1-36v2 45.0 8.25 39.90
40 2b | 10x57 | 16.8 | 0.74 619 80 0.30 0.10 0.05 0.05 PilcoD1942 37.8 10.60 | 31.50
41 3 | 10x57 | 16.8 | 0.66 554 80 0.30 0.10 0.05 0.05 ICE 1-36v2 354 6.49 26.70
42 4 | 10x57 [ 16.8| 0.49 415 80 0.30 0.10 0.05 0.05 ICE 1-36v2 26 5.00 16.00
43 la | 12x74 | 21.8| 1.00 1090 20 0.20 0.10 0.05 0.05 ICE 1-30v2 65 10.95 | 30.80
44 Ib | 12x74 | 21.8 | 0.66 719 20 0.20 0.10 0.05 0.05 ICE 1-30v2 42 6.68 14.70
45 Ic | 12x74 | 21.8] 0.50 545 20 0.20 0.10 0.05 0.05 ICE I-12v2 31 8.20 9.50
46 2a | 12x74 | 21.8 | 0.70 767 20 0.20 0.10 0.05 0.05 ICE 1-30v2 45 7.20 16.60
47 2b | 12x74 [21.8 | 0.70 767 20 0.20 0.10 0.05 0.05 ICE 1-30v2 45 7.20 16.60
48 3 | 12x74 | 21.8 | 0.66 719 20 0.20 0.10 0.05 0.05 ICE 1-30v2 42 6.68 14.70
49 4 | 12x74 121.8| 042 456 20 0.20 0.10 0.05 0.05 ICE 1-30v2 25 4.60 7.10
50 la | 12x74 | 21.8 | 1.00 1090 20 0.30 0.10 0.05 0.05 ICE 1-30v2 63 11.05 | 31.50
51 b | 12x74 | 21.8 | 0.66 719 20 0.30 0.10 0.05 0.05 ICE 1-30v2 41 6.71 15.00
52 Ic | 12x74 | 21.8 | 0.50 545 20 0.30 0.10 0.05 0.05 ICE 1-12v2 28 8.27 9.70
53 2a | 12x74 | 21.8 | 0.72 784 20 0.30 0.10 0.05 0.05 ICE 1-30v2 45 7.50 17.90
54 2b | 12x74 | 21.8 | 0.72 784 20 0.30 0.10 0.05 0.05 ICE 1-30v2 45 7.50 17.90
55 3 | 12x74 | 21.8| 0.66 719 20 0.30 0.10 0.05 0.05 ICE 1-30v2 41 6.70 14.90
56 4 | 12x74 | 21.8 | 0.45 486 20 0.30 0.10 0.05 0.05 ICE 1-30v2 26 4.80 7.90
57 la | 12x74 | 21.8| 1.00 1090 50 0.20 0.10 0.05 0.05 ICE I-36v2 62 11.81 | 52.00
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Driving

Stress | Capaci .
ID HP As at pat v Length | Friction Toe' Toe Skn} Smallest stress Cal. Energy
refusal | refusal Damping | Quake | Damping | Hammer at stroke
refusal
BASE in> | 1/AFy kips ft % ksi ft k-ft

58 b | 12x74 | 21.8 | 0.66 719 50 0.20 0.10 0.05 0.05 PilcoD1942 39 9.75 23.60
59 lc | 12x74 | 21.8] 0.50 545 50 0.20 0.10 0.05 0.05 ICE I-12v2 31 8.66 12.90
60 2a | 12x74 | 21.8] 0.73 800 50 0.20 0.10 0.05 0.05 ICE 1-36v2 45 8.20 29.90
61 2b | 12x74 [21.8| 0.70 763 50 0.20 0.10 0.05 0.05 PilcoD1942 42 10.60 | 26.50
62 3 | 12x74 | 21.8] 0.66 719 50 0.20 0.10 0.05 0.05 ICE 1-36v2 39 7.11 23.40
63 4 | 12x74 [ 21.8| 043 466 50 0.20 0.10 0.05 0.05 ICE 1-36v2 25 4.90 11.30
64 la | 12x74 | 21.8 1 1090 50 0.30 0.1 0.05 0.05 ICE1-46v2 | 6143 10.27 54.9
65 b | 12x74 | 21.8 | 0.66 719 50 0.30 0.10 0.05 0.05 PilcoD1942 35 9.85 24.10
66 Ic | 12x74 | 21.8| 0.50 545 50 0.30 0.10 0.05 0.05 ICE I-12v2 28 8.78 13.10
67 2a | 12x74 | 21.8] 0.75 816 50 0.30 0.10 0.05 0.05 ICE 1-46v2 45 7.40 33.30
68 2b | 12x74 | 21.8| 0.69 751 50 0.30 0.10 0.05 0.05 PilcoD1942 37 10.60 | 26.60
69 3 | 12x74 | 21.8 ] 0.66 719 50 0.30 0.10 0.05 0.05 ICE 1-46v2 38 6.30 24.70
70 4 | 12x74 | 21.8 ]| 0.45 488 50 0.30 0.10 0.05 0.05 ICE 1-46v2 25 4.60 12.30
71 la | 12x74 | 21.8 1 1090 80 0.20 0.1 0.05 0.05 ICE 1-46v2 60.7 11.24 73
72 Ib | 12x74 | 21.8 | 0.66 719 80 0.20 0.10 0.05 0.05 PilcoD1942 39 9.80 26.70
73 Ic | 12x74 | 21.8| 0.50 545 80 0.20 0.10 0.05 0.05 ICE 1-12v2 31 8.75 14.00
74 2a | 12x74 | 21.8 | 0.80 872 80 0.20 0.10 0.05 0.05 ICE 1-46v2 45 8.40 47.60
75 2b | 12x74 [ 21.8| 0.69 756 80 0.20 0.10 0.05 0.05 PilcoD1942 41 10.60 | 29.70
76 3 | 12x74 | 21.8 | 0.66 719 80 0.20 0.10 0.05 0.05 ICE 1-46v2 37 6.70 33.00
77 4 | 12x74 1 21.8 | 0.46 503 80 0.20 0.10 0.05 0.05 ICE 1-46v2 25 4.80 16.30
78 la | 12x74 | 21.8| 1.00 1090 80 0.30 0.10 0.05 0.05 ICE 1-46v2 55 11.61 | 77.50
79 Ib | 12x74 | 21.8 | 0.66 719 80 0.30 0.10 0.05 0.05 PilcoD1942 35 10.03 | 27.50
80 Ic | 12x74 | 21.8 | 0.50 545 80 0.30 0.10 0.05 0.05 ICE 1-12v2 28 8.92 14.30
81 2a | 12x74 | 21.8 | 0.89 972 80 0.30 0.10 0.05 0.05 ICE 1-46v2 45 9.00 54.10
82 2b | 12x74 | 21.8 | 0.67 733 80 0.30 0.10 0.05 0.05 PilcoD1942 36 10.60 | 29.60
83 3 | 12x74 | 21.8] 0.66 719 80 0.30 0.10 0.05 0.05 ICE 1-46v2 34 6.79 34.00
84 4 | 12x74 | 21.8 | 0.50 541 80 0.30 0.10 0.05 0.05 ICE 1-46v2 25 5.20 20.00
85 la | 14x117 | 344 | 1.00 1720 20 0.20 0.10 0.05 0.05 ICE 1-46v2 66 11.45 | 47.60
86 1b | 14x117 | 344 | 0.66 1135 20 0.20 0.10 0.05 0.05 ICE 1-30v2 46 9.75 25.40
87 Ic | 14x117 | 344 | 0.50 860 20 0.20 0.10 0.05 0.05 PilcoD1942 32 8.55 15.40
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Driving

Stress | Capaci .
ID HP As at pat v Length | Friction Toe' Toe Skn} Smallest stress Cal. Energy
refusal | refusal Damping | Quake | Damping | Hammer at stroke
refusal
BASE in> | 1/AFy kips ft % ksi ft k-ft
88 2a | 14x117 | 344 | 0.70 1204 20 0.20 0.10 0.05 0.05 ICE 1-46v2 45 7.46 24.90
89 2b | 14x117 | 344 | 0.64 1106 20 0.20 0.10 0.05 0.05 ICE 1-30v2 45 9.50 24.60
90 3 | 14x117 [ 344 | 0.66 1135 20 0.20 0.10 0.05 0.05 ICE 1-46v2 42 7.03 22.60
91 4 | 14x117 1344 | 0.41 699 20 0.20 0.10 0.05 0.05 ICE 1-46v2 25 5.00 10.50
92 la | 14x117 | 344 | 1.00 1720 20 0.30 0.10 0.05 0.05 ICE 1-46v2 64 11.60 | 48.70
93 1b | 14x117 | 344 | 0.66 1135 20 0.30 0.10 0.05 0.05 ICE 1-30v2 42 9.81 25.70
94 lc | 14x117 1344 | 0.50 860 20 0.30 0.10 0.05 0.05 PilcoD1942 30 8.59 15.50
95 2a | 14x117 | 344 | 0.70 1204 20 0.30 0.10 0.05 0.05 ICE 1-46v2 45 7.54 25.60
96 2b | 14x117 | 344 | 0.70 1204 20 0.30 0.10 0.05 0.05 ICE 1-30v2 45 10.58 | 28.60
97 3 | 14x117 [ 344 | 0.66 1135 20 0.30 0.10 0.05 0.05 ICE 1-46v2 41 7.10 23.10
98 4 | 14x117 344 | 044 760 20 0.30 0.10 0.05 0.05 ICE 1-46v2 25 5.10 12.30
99 la | 14x117 | 344 | 0.84 1444 50 0.20 0.10 0.05 0.05 ICE 1-46v2 52 11.81 | 62.20
100 1b | 14x117 | 344 | 0.66 1135 50 0.20 0.10 0.05 0.05 ICE 1-30v2 45 10.30 | 33.70
101 lc | 14x117 1344 | 0.50 860 50 0.20 0.10 0.05 0.05 PilcoD1942 32 8.81 19.30
102 | 2a | 14x117 | 344 | 0.72 1236 50 0.20 0.10 0.05 0.05 ICE 1-46v2 45 9.60 46.40
103 | 2b | 14x117 | 344 | 0.66 1135 50 0.20 0.10 0.05 0.05 ICE 1-30v2 45 10.30 | 33.70
104 3 | 14x117 | 344 | 0.66 1135 50 0.20 0.10 0.05 0.05 ICE 1-46v2 41 8.48 38.60
105 4 | 14x117 (344 | 041 701 50 0.20 0.10 0.05 0.05 ICE 1-46v2 25 5.20 15.90
106 la | 14x117 | 344 | 0.83 1420 50 0.30 0.10 0.05 0.05 ICE 1-46v2 46 11.81 | 62.30
107 1b | 14x117 | 344 | 0.66 1135 50 0.30 0.10 0.05 0.05 ICE 1-30v2 41 10.50 | 34.60
108 Ic | 14x117 | 344 | 0.50 860 50 0.30 0.10 0.05 0.05 PilcoD1942 29 8.95 19.70
109 | 2a | 14x117 | 344 | 0.81 1394 50 0.30 0.10 0.05 0.05 ICE 1-46v2 45 11.40 | 59.40
110 | 2b | 14x117 | 344 | 0.72 1232 50 0.30 0.10 0.05 0.05 ICE 1-30v2 45 12.00 | 41.50
111 3 | 14x117 | 344 | 0.66 1135 50 0.30 0.10 0.05 0.05 ICE 1-46v2 37 8.58 39.20
112 4 | 14x117 | 344 | 0.46 795 50 0.30 0.10 0.05 0.05 ICE 1-46v2 25 5.80 20.00
113 la | 14x117 | 344 | 0.82 1407 80 0.20 0.10 0.05 0.05 ICE 1-46v2 51 11.81 | 72.90
114 1b | 14x117 | 344 | 0.66 1135 80 0.20 0.10 0.05 0.05 ICE 1-30v2 45 10.54 | 38.70
115 Ic | 14x117 | 344 | 0.50 860 80 0.20 0.10 0.05 0.05 PilcoD1942 31 8.91 20.60
116 | 2a | 14x117 | 344 | 0.72 1244 80 0.20 0.10 0.05 0.05 ICE 1-46v2 45 10.00 | 57.60
117 | 2b | 14x117 | 344 | 0.66 1135 80 0.20 0.10 0.05 0.05 ICE 1I-30v2 45 10.54 | 38.70
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Driving

Stress | Capaci .
ID HP As at pat v Length | Friction Toe' Toe Skn} Smallest stress Cal. Energy

refusal | refusal Damping | Quake | Damping | Hammer at stroke

refusal
BASE in> | 1/AFy kips ft % ksi ft k-ft

118 3 [ 14x117 | 344 | 0.66 1135 80 0.20 0.10 0.05 0.05 ICE 1-46v2 41 8.68 46.20
119 4 | 14x117 [ 344 | 042 718 80 0.20 0.10 0.05 0.05 ICE 1-46v2 25 5.40 19.50
120 la | 14x117 344 | 0.81 1389 80 0.30 0.10 0.05 0.05 ICE 1-46v2 45 11.81 | 72.80
121 1b | 14x117 | 344 | 0.66 1135 80 0.30 0.10 0.05 0.05 ICE 1-30v2 40 10.81 | 39.70
122 Ic | 14x117 | 344 | 0.50 860 80 0.30 0.10 0.05 0.05 PilcoD1942 28 9.10 21.10
123 | 2a | 14x117 | 344 | 0.81 1389 80 0.30 0.10 0.05 0.05 ICE 1-46v2 45 11.81 | 72.80
124 | 2b | 14x117 | 344 | 0.68 1178 80 0.30 0.10 0.05 0.05 ICE 1-30v2 42 11.50 | 43.60
125 3 | 14x117 | 344 | 0.66 1135 80 0.30 0.10 0.05 0.05 ICE 1-46v2 36 8.84 47.30
126 4 | 14x117 |1 344 | 0.46 795 80 0.30 0.10 0.05 0.05 ICE 1-46v2 25 5.93 23.80

76




Table E2 Sensitivity analyses results.

Stress | Capacity . Driving
ID HP As at at Length | Friction Toe. Toe Skn} Smallest stress Cal. Energy
refusal | refusal Damping | Quake | Damping | Hammer at stroke
refusal
SENSITIVITY in* | /AFy |  kips ft % ksi ft k-t
127 12x74 | 21.8 | 0.97 1056 50 0.20 0.10 0.05 0.20 ICE I-46v2 58 11.81 | 67.90
128 12x74 | 21.8 | 0.66 719 50 0.20 0.10 0.05 0.20 ICE I-30v2 39 9.00 29.60
129 12x74 | 21.8 | 0.50 545 50 0.20 0.10 0.05 0.20 ICE I-12v2 30 10.07 | 15.90
130 12x74 | 21.8 | 0.76 831 50 0.20 0.10 0.05 0.20 ICE 1-46v2 45 8.49 41.70
131 12x74 | 21.8 | 0.44 480 50 0.20 0.10 0.05 0.20 ICE 1-46v2 25 4.90 14.90
132 12x74 | 21.8 | 1.00 1090 50 0.20 0.15 0.10 0.05 ICE 1-46v2 65 11.34 | 65.30
133 12x74 | 21.8 | 0.66 719 50 0.20 0.15 0.10 0.05 ICE I-30v2 45 8.92 29.70
134 12x74 | 21.8 | 0.50 545 50 0.20 0.15 0.10 0.05 ICE I-12v2 33 10.30 | 16.90
135 12x74 | 21.8 | 0.70 764 50 0.20 0.15 0.10 0.05 ICE 1-46v2 45 7.37 34.00
136 12x74 | 21.8 | 0.43 469 50 0.20 0.15 0.10 0.05 ICE 1-46v2 25 4.69 13.30
137 12x74 | 21.8 | 0.92 1000 50 0.20 0.15 0.10 0.20 ICE 1-46v2 55 11.81 | 69.10
138 12x74 | 21.8 | 0.66 719 50 0.20 0.15 0.10 0.20 ICE I-30v2 40 10.25 | 36.70
139 12x74 | 21.8 | 0.50 545 50 0.20 0.15 0.10 0.20 PilcoD1942 30 8.84 21.10
140 12x74 | 21.8 | 0.79 864 50 0.20 0.15 0.10 0.20 ICE 1-46v2 45 9.40 49.70
141 12x74 | 21.8 | 0.43 468 50 0.20 0.15 0.10 0.20 ICE 1-46v2 25 4.88 14.60
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