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Aabtract. This paper proposes an approximate procedure to estimate seismic displacement capacity −
defined as yield displacement times the displacement ductility − of piles in marine oil terminals. It is
shown that the displacement ductility of piles is relatively insensitive to most of the pile parameters
within ranges typically applicable to most piles in marine oil terminals. Based on parametric studies,
lower bound values of the displacement ductility of two types of piles commonly used in marine oil
terminals − reinforced-concrete and hollow-steel − with either pin connection or full-moment-connection
to the deck for two seismic design levels – Level 1 or Level 2 − and for two locations of the hinging in
the pile − near the deck or below the ground − are proposed. The lower bound values of the displacement
ductility are determined such that the material strain limits specified in the Marine Oil Terminal
Engineering and Maintenance Standard (MOTEMS) are satisfied at each design level. The simplified
procedure presented in this paper is intended to be used for preliminary design of piles or as a check on
the results from the detailed nonlinear static pushover analysis procedure, with material strain control,
specified in the MOTEMS.

Keywords: marine structures; seismic displacement capacity; seismic ductility; seismic analysis; seismic
design, piles. 

1. Introduction

Seismic design of marine oil terminals in California is governed by the Marine Oil Terminal

Engineering and Maintenance Standard (MOTEMS) (Eskijian 2007, MOTEMS 2007). The

MOTEMS requires design of such facilities for two earthquake levels: Level 1 and Level 2. The

return period of the design earthquake for each level depends on the risk level. For example, Level

1 and Level 2 design earthquakes for high risk terminals correspond to return periods of 72 and 475

years, respectively. The acceptance criteria for piles in the MOTEMS are specified in terms of

maximum permissible material strains. The maximum permissible material strains depend on the

earthquake level − Level 1 or Level 2. For reinforced-concrete piles, the material strain limits also

depend on location of the plastic hinge − pile-deck or in-ground. The material strain limits in two of

the commonly used piles − reinforced-concrete and hollow-steel − are summarized in Table 1.

These strain values are based on the latest revisions (after public comment period) to the MOTEMS
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and have been modified from the previous version as follows: (1) concrete compression strain limit

for Level 1 have been reduced from 0.005 to 0.004 for both pile-deck and in-ground hinge

formation; and (2) steel tensile strain limit for Level 2 has been increased from 0.01 to 0.025 for in-

ground hinge formation.

Since the acceptance criteria in the MOTEMS is specified in terms of maximum permissible

strains, estimation of seismic displacement capacity of piles in marine oil terminals requires

monitoring material strains during the nonlinear pushover analysis. However, most commercially

available structural analysis programs do not have the capability to directly monitor strains during

such analysis. Therefore, there is a need to develop simplified procedure to estimate seismic

displacement capacity of piles in marine oil terminals that ensure that material strains do not exceed

the values specified in the MOTEMS yet do not require direct monitoring of strains during seismic

analysis.

In order to fill this important need, this investigation is aimed at developing a simplified

procedure for estimation of displacement capacity using displacement ductility, instead of strain

limits, for piles in marine oil terminals. The simplified procedure is developed for piles which are

connected to the deck either by pin-connection or full-moment-connection and assumed to be fixed

at the bottom at a distance equal to depth-to-fixity below the mud line; initial results of this study

were reported in a recent publication (Goel 2008). Simplified procedures for piles with other types

of pile-deck connection (such as dowel connection for reinforced concrete piles and concrete-plug

connection for steel piles) are available in Goel (2010). The simplifying assumption of fixing the

pile at a distance equal to depth-of-fixity below the mud line, and thus avoiding explicit modeling

of soil, is appropriate for estimating the displacement capacity because such assumption is

commonly used in estimating is seismic displacement demand for marine oil terminals; next section

discuses details of this simplification. 

2. Simplifying assumption

Fig. 1(b) shows typically used mathematical model of a free-head pile of Fig. 1(a) supported on

bedrock (or other competent soil) and surrounded by soil between the bedrock and mud line. In this

model, the pile is represented by beam-column elements and soil by Winkler reaction springs

connected to the pile between the bedrock and the mud line (Finn 2005). The properties of the

beam-column element are established based on the pile cross section whereas properties of the

reaction springs are specified based on geotechnical data (e.g., see Priestley et al. 1996, Dowrick

1987, Finn 2005). Fig. 1(c) shows the height-wise distribution of bending moment under lateral load

Table 1 Material strain limits in the MOTEMS

Pile Type Material Hinge Location Level 1 Level 2

Reinforced-Concrete Concrete Pile-Deck εc ≤ 0.004 εc ≤ 0.025

In-Ground ε
c

≤ 0.004 ε
c

≤ 0.008

Steel Pile-Deck ε
s
≤ 0.01 ε

s
≤ 0.05

In-Ground εs ≤ 0.01 εs ≤ 0.025

Hollow-Steel Steel ε
s
≤ 0.008 ε

s
≤ 0.025
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applied to the pile tip. Note that the maximum bending moment occurs slightly below the mud line

at a depth equal to Dm, typically denoted as the depth-to-maximum-moment below the mud line Fig.

1(c). Lateral displacement at the pile top can be calculated based on this bending moment

distribution or from a discrete element model implemented in most commonly available computer

programs for structural analysis.

An alternative approach to modeling the detailed pile-soil system (Fig. 1(b)) is the effective fixity

approach (Priestley et al. 1996, Sec. 4.4.2; Dowrick 1987, Sec. 6.4.5.3). In this approach, the pile is

assumed to be fixed at a depth below the mud line equal to the depth-to-fixity, Df, and no soil

reaction springs are included (Fig. 1(d)). The depth-to-fixity is defined as the depth that produces in

a fixed-base column with soil removed above the fixed base the same top-of-the-pile lateral

displacement under the lateral load, F, as that in the actual pile-soil system (Priestley et al. 1996).

Both the axial load, P, and top-of-the-pile moment, M (not shown in Fig. 1(d)) need to be

considered. The depth-to-fixity, which depends on the pile diameter and soil properties, is typically

provided by the geotechnical engineer, estimated from charts available in standard textbooks on the

subject (e.g., Priestley et al. 1996, Dowrick 1987), or from recommendations in several recent

references (e.g., Chai 2002, Chai and Hutchinson 2002).

The equivalent fixity model is typically used for estimating displacement of piles that remain

within the linear-elastic range. For piles that are expected to be deformed beyond the linear-elastic

range, however, nonlinear analysis of the discrete soil spring model approach of Fig. 1(b) is

preferable (Priestley et al. 1996, Sec. 4.4.2) because the plastic hinge forms at the location of the

maximum bending moment, i.e., at the depth-to-maximum-moment, Dm, and not at the depth-to-

fixity, Df. A recent investigation has developed equations for estimating lateral displacement of

equivalent fixity model of the nonlinear soil-pile system by recognizing that the plastic hinge forms

at the depth-to-maximum-moment (Chai 2002); expressions for estimating displacement ductility of

pile-soil system are also available (Priestley et al. 1996, Sec. 5.3.1). However, calculation of lateral

displacement capacity of nonlinear soil-pile systems using these approaches requires significant

information about the soil properties. Another paper developed relationship between curvature

ductility and displacement ductility of fixed-head concrete piles (Song et al. 2005) but did not

Fig. 1 Simplified model of the pile-soil system for displacement capacity evaluation (a) Pile supported on
bedrock, (b) Mathematical model of the pile, (c) Height-wise variation of bending moment, (d)
Equivalent fixity model for displacement calculation
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include flexibility of piles above the mud line as is the case for piles in marine terminals.

This investigation uses a simplifying assumption that the equivalent fixity model may directly be

used to estimate lateral displacement capacity of nonlinear piles. Clearly, such an approach implies

that the plastic hinge would form at the depth-to-fixity, Df, which differs from the actual location at

the depth-to-maximum-moment, Dm. It is useful to note that Df is typically in the range of 3 to 5

pile diameter whereas Dm is in the range of 1 to 2 pile diameter (see Priestley et al. 1996).

Obviously, the displacement would be lower if the cantilever base was located at Dm below the mud

line compared to if it was located at Df in the equivalent fixity model: plastic displacement is given

by ∆p = θp(La + Df or Dm) where θp is the plastic hinge rotation and La is the cantilever length.

However, it must be noted that additional deformation would occur in the actual pile due to

curvature below the depth-to-maximum-moment (see Fig. 1(c)). Fixing the cantilever at Df below

the mud line compensates for these additional deformations. 

Seismic analysis of large marine oil terminals using analytical models that include detailed

modeling of soil effects on each pile, such as those in Fig. 1(b), becomes cumbersome. Therefore,

analyses to estimate seismic displacement demands of piles often utilize the equivalent fixity

approximation. The depth-to-fixity below the mud line is generally recommended by geotechnical

engineer on the project for typical piles and the local soil conditions and linear/nonlinear soil

behavior.

Since the seismic displacement demand is often estimated from analysis of a system that utilizes

equivalent fixity approximation for piles, the same approximation must be used for estimating the

seismic displacement capacity for consistency. Therefore, it is appropriate to utilize the assumption

of equivalent fixity for estimating seismic displacement capacity of piles as proposed in this

investigation. 

It is useful to emphasize that the approximate approach proposed in this investigation is intended

to be used for preliminary design of piles or as a check on the results from the detailed nonlinear

analysis. The final evaluation of piles may be conducted by analysis of detailed pile-soil system

using more advanced methods (e.g., Castelli and Maugeri 2009, Imancli et al. 2009, El Naggar et

al. 2005, Allotey and el Naggar 2008, Chiou and Chen 2007).

3. Current procedure in the motems

The displacement capacity of piles in the MOTEMS is estimated from nonlinear static pushover

analysis. In this analysis, a force of increasing magnitude is applied statically in the transverse

direction (perpendicular to the pile) permitting the materials in the pile − steel and/or concrete − to

deform beyond their linear-elastic range. The displacement capacity is defined as the maximum

displacement that can occur at the tip of the pile without material strains exceeding the permissible

values corresponding to the desired design level.

The displacement capacity of a pile at a selected design level in the MOTEMS is obtained from

the procedure proposed by Priestley et al. (1996) as illustrated in Fig. 2. This procedure requires

development of the pile section moment-curvature relationship. The moment-curvature relationship

may be developed from any standard moment-curvature analysis programs using material

constitutive relationship specified in the MOTEMS; the MOTEMS specifies guidelines for selecting

material properties such as concrete and steel strengths as well as stress-strain curves for unconfined

concrete, confined concrete, reinforcing steel, and prestressing steel. It is useful to note that the
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formulation presented next is for a cantilever, i.e., a pile with a pin-connection to the deck. Similar

formulation is available for piles with full-moment-connection (e.g., see CALTRANS 2006).

The total displacement capacity of the pile is computed as

∆ = ∆y + ∆P (1)

in which ∆y is the yield displacement and ∆p is the plastic displacement of the pile. The yield

displacement can be estimated as

(2)

where φy is the yield curvature computed from

(3)

with My being the yield moment and EIe being the slope of the initial elastic portion of the bilinear

idealization of the moment-curvature relationship and Le is the pile “effective” length defined as the

length between a critical section and the point of contra-flexure (or point of zero bending moment).

The “effective” length for a cantilever becomes equal to its total length.

The plastic displacement is computed from 

(4)

which includes components due to the elastic displacement resulting from the increase in moment

from My to Mu, i.e., post-yield stiffness of the moment-curvature relationship, and due to plastic

rotation θp of the pile. In order to compute the plastic rotation, it is assumed that a constant plastic

curvature, φp = φu − φy, occurs over a plastic hinge length Lp of the pile (see Fig. 2(c)). Therefore,

the plastic rotation is given by

(5)

∆y

φyLe

2

3
----------=

φy

My

EIe
-------=

∆p

Mu

My

------- 1–⎝ ⎠
⎛ ⎞∆y Lp φu φy–( ) Le 0.5Lp–( )+=

θp Lpφp Lp φu φy–( )= =

Fig. 2 Deformation capacity of a pile (a) Deflected shape, (b) Bending moment diagram, (c) Curvature
distribution, (d) Yield and plastic displacements
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The values of Mu and φu in Eq. (4) are largest values of pile section moment and curvature,

respectively, without exceeded the material strains at the selected design level.

The MOTEMS specify the formula for estimating the plastic hinge length required in Eq. (4). If

the hinge were to form against a supporting member, i.e., at the pile-deck intersection, the plastic

hinge length is computed from 

(6)

in which Le is the “effective” length defined as the distance from the critical section of the plastic

hinge to the point of contra-flexure, ρ = 0.08 is the constant that specifies plastic hinge length as a

fraction of the length Le, fye is the expected yield strength of the reinforcing steel, and dbl is the

diameter of the longitudinal reinforcement. The second term in Eq. (6) is intended to account for

strain-penetration effects in reinforcing steel in reinforced concrete members. If the plastic hinge

forms in-ground, the MOTEMS provides a chart to estimate the plastic hinge length that depends on

the pile diameter, subgrade modulus, effective stiffness of the pile, and the distance from ground to

the pile point of contra-flexure above the ground. It is useful to note that Eq. (6), as specified in

Priestley et al. (1996) or in the MOTEMS (2006), does not explicitly impose an upper limit even

though there may be some experimental evidence that the plastic hinge length should not be greater

than the pile diameter.

The plastic hinge length formula of Eq. (6) specified in the MOTEMS is based on the

recommendation by Priestley et al. (1996) for reinforced concrete sections. The MOTEMS do not

provide recommendations for plastic hinge length for hollow steel piles.

4. Approximate procedure

An approximate procedure is proposed in this investigation to compute the displacement capacity

of piles commonly used in marine oil terminals. This approach computes the displacement capacity as

(7)

where ∆y is the yield displacement of the pile and µ∆ is the displacement ductility of the pile. The

yield displacement may be estimated from

(8)

in which My is the effective section yield moment, EIe is the initial slope of the idealized bilinear

moment-curvature relationship, and Lt is the total length of the equivalent fixity pile model. The

displacement ductility is selected such that the material strains remain within the limits specified in

Lp

ρLe 0.022fyedbl 0.044fyedbl  fye in MPA( )≥+

ρLe 0.15fyedbl 0.3fyedbl  fye in ksi( )≥+⎩
⎨
⎧

=

∆c µ∆∆y=

∆y

MyLt

2

6EIe
------------  for piles with full-moment-connection to the deck

MyLt

2

3EIe
------------  for piles with pin-connection to the deck

⎩
⎪
⎪
⎨
⎪
⎪
⎧

=
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the MOTEMS. The guidelines to select the displacement ductility are developed next for reinforced-

concrete piles and hollow-steel piles with either pin-connection or full-moment-connection to the

deck by parametric studies on nonlinear finite element models of piles fixed at the depth equal to

depth-to-equivalent-fixity below the mud line.

5. Analytical model

As noted previously, this investigation utilizes the equivalent fixity model (Fig. 1(d)) to estimate

displacement capacity the pile-soil system (Fig. 1(a)) instead of the more elaborate model

containing entire pile length with Winkler reaction springs below the mud line (Fig. 1(b)).

Therefore, an analytical model of the cantilever (with free or fixed head) was developed in the

structural analysis software Open System for Earthquakes Engineering Simulation (OpenSees)

(McKenna and Fenves 2001). The length of the pile, Lt, was selected to be equal to the free-

standing height plus the depth below the mud-line equal to the depth-to-fixity. The pile was modeled

with the nonlinearBeamColumn element in OpenSees. The nonlinearBeamColumn element uses a

force-based, distributed-plasticity approach with integration of section behavior over the member

length. The pile was modeled with five elements, each with seven integration points. The section is

defined with fibers of confined concrete, unconfined concrete, and steel reinforcing bars for

reinforced-concrete piles and steel for hollow-steel piles. The nonlinear axial-flexural behavior of

the element is determined by integration of the nonlinear stress-strain relationships of various fibers

across the section, whereas linear behavior is assumed for shear and torsional. 

The compressive stress-strain behavior of concrete, both confined and confined, was modeled with

Concrete01 material in OpenSees (Fig. 3(a)). The crushing strain of the unconfined concrete was

selected to be equal to 0.004 and that for confined concrete was selected to be that corresponding to

the rupture of confining steel using the well established Mander model (see Priestley et al. 1996).

The stress-strain behavior of steel was modeled with ReinforcingSteel material in OpenSees (Fig.

3(b)). Further details of the material models and nonlinearBeamColumn element are available in

McKenna and Fenves (2001). 

6. Results of parametric study

This section presents results of parametric studies to investigate the sensitivity of the displacement

Fig. 3 Material models
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ductility on various pile parameters such as pile length and diameter, longitudinal reinforcement

ratio, transverse reinforcement ratio, and axial force level for reinforced-concrete piles; and pile

length and diameter, wall thickness, and axial force level for hollow-steel piles. Following is a

summary of this study.

6.1 Reinforced-Concrete piles

Fig. 4 presents variation of displacement ductility with pile length, Lt, for three values of pile

diameters: 61 cm, 91 cm, and 107 cm. The results are presented for piles with axial force equal to

5% of its capacity, 1% longitudinal reinforcement, and 0.6% transverse reinforcement. These

parameters correspond to typically used piles in marine oil terminals. The presented results indicate

that the displacement ductility of the pile is essentially independent of the pile length as apparent

from very little variation in the ductility with length as well as pile diameter as apparent from

almost identical curves for the three pile diameters considered.

In order to understand the aforementioned trend, i.e., independence of the displacement ductility

of the pile length and diameter, it is useful to re-examine the equation that defines the displacement

ductility. For this purpose, let us utilize Eqs. (1), (4) and (8) to express the displacement ductility as

(9)

in which µφ is the section curvature ductility at a selected design level. For piles with little or no

post-yield straining hardening in section moment-curvature relationship, Mu ~−  My, and Eq. (9)

further simplifies to

(10)

Eq. (10) indicates that the displacement ductility depends on the plastic hinge ratio, Lp/Le, and

section curvature ductility, µφ . For long piles typically used in marine oil terminals, the ratio Lp/Le

µ∆

Mu

My

-------⎝ ⎠
⎛ ⎞ 3 µφ 1–( )

Lp

Le

-----⎝ ⎠
⎛ ⎞ 1 0.5

Lp

Le

-----–⎝ ⎠
⎛ ⎞+=

µ∆ 1 3 µφ 1–( )
Lp

Le

-----⎝ ⎠
⎛ ⎞ 1 0.5

Lp

Le

-----–⎝ ⎠
⎛ ⎞+=

Fig. 4 Variation of displacement ductility with pile length and pile diameter of reinforced-concrete piles for
seismic design (a) Level 1 for in-ground (IG) and pile-deck (PD) hinge formation, (b) Level 2 for IG
hinge formation, (c) Level 2 for PD hinge formation
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may become essentially independent of the length as the second term in Eq. (6) becomes much

smaller than the first term. This indicates that the displacement ductility is essentially independent

of the pile length which is consistent with the observation from results presented in Fig. 4.

The displacement ductility does not directly depend on the pile diameter but on the section

curvature ductility, µφ . The results presented in Fig. 5 indicate that the section curvature ductility is

essentially independent of the pile diameter. Therefore, Eq. (10) leads to the conclusion that the

displacement ductility is also essentially independent of the pile diameter, which is consistent with

the finding in Fig. 4 that the pile displacement ductility is independent of the pile diameter.

Fig. 6 present the variation of the displacement ductility with the reinforcement ratio. The results

presented are for a pile with 91 cm diameter and 15 m length. The values of longitudinal

reinforcement varying between 0.5% and 2% and transverse reinforcement between 0.5% and 1.5%

were considered; these ranges of longitudinal and transverse reinforcement correspond to those for

typical piles in marine oil terminals. 

The results presented in Fig. 6(a) show that the displacement ductility decreases with increasing

Fig. 5 Variation of section curvature ductility of reinforced-concrete piles with pile diameter for seismic design
(a) Level 1 for in-ground (IG) and pile-deck (PD) hinge formation, (b) Level 2 for IG hinge formation,
(c) Level 2 for PD hinge formation

Fig. 6 Variation of displacement ductility of reinforced-concrete piles with pile reinforcement ratio (a)
Longitudinal reinforcement, (b) Transverse reinforcement
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longitudinal reinforcement ratio for values up to about 1%. For longitudinal reinforcement ratio in

excess of about 1%, as may be the case for seismic piles in marine oil terminals, the displacement

ductility of piles is much less sensitive to the value of the longitudinal reinforcement ratio. For such

values, the displacement ductility may be considered to be essentially independent of the

longitudinal reinforcement ratio. The results presented in Fig. 6(b) show that displacement ductility

of piles does not depend significantly on the transverse reinforcement ratio. This becomes apparent

from essentially flat variation of the displacement ductility with pile transverse reinforcement ratio.

Fig. 7 presents variation of displacement ductility varies with axial force in the pile. The presented

results are for a pile with 91 cm diameter and 15 m length for values of axial force level varying

from zero to 15% of the pile axial capacity. These results show that the displacement ductility for

Level 1 corresponding to in-ground or pile-deck hinge formation tends to increase with increasing

pile axial force. However, the ductility for Level 2 corresponding to in-ground or pile-deck hinge

formation appears to be insensitive to the axial force values. 

6.2 Hollow-Steel piles

Fig. 8 presents variation of displacement ductility with pile length for three values of pile

diameters − 61 cm, 91 cm, and 107 cm − which are representative of typical piles used in marine oil

terminals and pile wall thickness of 1.27 cm. These results indicate that the displacement ductility of

the hollow-steel pile is also essentially independent of the pile length and diameter as apparent from

no variation in the ductility with pile length and almost identical curves for the three pile diameters

considered.

As mentioned previously for reinforced concrete piles, the displacement ductility of hollow-steel

piles is independent of the pile diameter because the section curvature ductility is essentially

independent of the pile diameter. This is confirmed by the results presented in Fig. 9 for variation of

section curvature ductility with pile diameter. 

In order to understand the effects of the pile wall thickness on the displacement ductility,

variations of the displacement ductility with pile length for three values of pile thickness are

presented in Fig. 10. The results presented are for a pile with 91 cm diameter and axial force equal

Fig. 7 Variation of displacement ductility of reinforced-concrete piles with pile axial load ratio
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to 0.05Afy. These results show that the displacement ductility is essentially independent of the pile

wall thickness as indicated by essentially identical curves for the three values of pile wall thickness. 

Fig. 11 presents the variation of displacement ductility with axial force in the hollow-steel pile.

The presented results are for a pile with 91 cm diameter and 15 m length for values of axial force

varying from zero to 15% of the pile axial load capacity. These results show that the displacement

ductility for Level 1 is essentially independent of the pile axial load. For Level 2, while the

displacement ductility may depend on the axial load for very-low axial loads, it becomes essentially

independent of the axial load for more realistic values, i.e. However, the ductility for Level 2

appears to be insensitive to the axial force values, i.e., axial loads greater than 0.05Afy. 

7. Lower bound of displacement ductility of piles

The results presented so far indicate that the displacement ductility of piles (reinforced-concrete or

Fig. 9 Variation of section curvature ductility of hollow-steel piles with pile diameter (a) Level 1 for in-ground
(IG) or pile-deck (PD) hinge formation, (b) Level 2 for IG or PD hinge formation

Fig. 8 Variation of displacement ductility of hollow-steel piles with pile length and pile diameter (a) Level 1
for in-ground (IG) or pile-deck (PD) hinge formation, (b) Level 2 for IG or PD hinge formation
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hollow-steel) is relatively insensitive to the various pile parameters within the range these

parameters typically used in marine oil terminals. Therefore, the displacement ductility can be used

to approximately estimate the pile displacement capacity instead of the material strain limits which

are currently specified in the MOTEMS. The results presented in the preceding section indicate that

a lower bound of the member displacement ductility may be estimated without any knowledge

about various pile parameters. 

The results presented in Fig. 12 for pile-deck hinge in the reinforced-concrete pile indicate that

lower bound values of the displacement ductility equal to 1.75 for seismic design Level 1 for

formation of in-ground or pile-deck hinge, 2.5 for seismic design Level 2 for formation of in-

ground hinge, and 5.0 for seismic design Level 2 for formation of pile-deck hinge are appropriate.

Note that the displacement ductility for Level 1 is likely to be slightly lower for axial force values

lower than the  value considered in developing the results. Similarly, the displacement

ductility is likely to be slightly larger for longitudinal reinforcement lower than the 1% value

0.05Ag fc′

Fig. 11 Variation of displacement ductility of hollow-steel piles with pile axial load ratio

Fig. 10 Variation of displacement ductility of hollow-steel piles with pile length for three values of pile wall
thickness (a) Level 1 for in-ground (IG) or pile-deck (PD) hinge formation, (b) Level 2 for IG or PD
hinge formation
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considered in developing the results. The results presented in Fig. 13 for hollow-steel pile indicate

that lower bound values of the displacement ductility equal to 1.2 for seismic design Level 1 and

equal to 2.75 for seismic design Level 2 are appropriate. Since strain limits for both in-ground and

pile-deck hinge formation are identical for the hollow-steel piles, the aforementioned lower bound

values apply to formation of hinges at both locations. 

Based on the results presented in Figs. 12 and 13, the recommended lower bound values of the

displacement ductility of piles are as follows: 1.75 for seismic design Level 1 (in-ground or pile-

deck hinge formation), 2.75 for seismic design Level 2 (in-ground hinge formation), and 5.0 for

seismic design Level 2 (pile-deck hinge formation) for reinforced-concrete piles; and 1.2 for seismic

design Level 1 and equal to 2.75 for seismic design Level 2 for hollow-steel piles regardless of

location of the plastic hinge.

The recommendations on displacement ductility of piles in this section are based on analytical

studies alone. It is highly desirable that such recommendations be verified by experiments on pile-

soil systems (e.g., Budek et al. 2004, Roeder et al. 2005).

Fig. 12 Lower-bound value of displacement ductility of reinforced-concrete piles for seismic design (a) Level
1 for in-ground (IG) and pile-deck (PD) hinge formation, (b) Level 2 for IG hinge formation, (c)
Level 2 for PD hinge formation

Fig. 13 Lower-bound value of displacement ductility of hollow-steel piles for seismic design (a) Level 1 for
in-ground (IG) or pile-deck (PD) hinge formation, (b) Level 2 for IG or PD hinge formation
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8. Illustrative example

An illustrative example is presented next to demonstrate that the simplified procedure presented in

this paper provides estimate of displacement capacity of the pile shaft that is “accurate” enough for

most practical purposes when compared to results from nonlinear pushover analysis. The example

structure considered here is adopted from Priestley et al. (1996, Sec. 4.6). This structure consists of

a circular pile shaft (or columns) of 1.83 m in diameter. The height of the column is 10 m above

ground and that of the pile shaft is 15 m below ground with a deck depth of 2 m (Fig. 14(a)). The

pile shaft (or column) reinforcement consists of 30 D 36 mm longitudinal bars and D19 mm spirals

with a pitch of 115 mm. The material properties are fy = 414 MPa yield for the reinforcement and

 =24.1 MPa nominal concrete strength. The soil is characterized as very dense sand with linearly

varying subgrade reaction coefficient of  = 10z MPa/m. The column carries an axial load of 8

MN at its tip.

The mathematical model of the column-pile-soil system is shown in Fig. 14(b). The soil below

the mud line is modeled with ten discrete springs. The spring values were taken from the example

in Priestley et al. (1996) and are shown in Fig. 14(b). As mentioned previously, this model was

implemented in OpenSees with various column and pile elements modeled with nonlinear Beam

Column element and Winkler reaction springs modeled with zeroLength element. The fiber section

properties of the column and pile were based on the specified section dimensions, reinforcement

details, and concrete and steel strengths in Priestley et al. (1996).

A moment curvature analysis of the pile shaft section with an axial load of 8.85 MN (including

axial force and column weight) and idealized bilinear approximation, shown in Fig. 15(a), results in

an effective initial stiffness of

fc
′

ks

*
z

Fig. 14 Illustrative example (a) Pile-soil system, (b) Mathematical model of pile-soil system
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kN-m2 (11)

Note that the values of My, φy and EIe in Fig. 15(a) differ slightly from the results presented in

Priestley et al. (1996) because of slight differences between the pile-section model and material

models between this investigation and Priestley et al. (1996). 

Based on the soil properties, the depth-to-fixity of the column-pile-soil system below the mud line

is equal to three times the pile diameter (Priestley et al. 1996). Therefore, the total length of the

equivalent fixity model is 

Le = Free-Standing Length + Half the Deck Depth + 3 × Pile Diameter 

= 10 + 1 + 3 × 1.83 = 16.5 m (12)

Using Eq. 8(b) for cantilever structure, the yield displacement of the equivalent fixity model is

= 0.214 m (13)

As recommended in this investigation, the displacement ductility of the pile for Level 1 and Level 2

seismic design are 1.5 and 5, respectively, for reinforced-concrete piles. Let us assume that the

ductility of 1.5 would control if the hinge were to form in-ground (as would be the case for the

selected structure) and 5 would control if the hinge were to from above ground. The estimated

displacement capacity of the pile using the simplified procedure presented in this investigation for

Level 1 and Level 2 are

∆c1 = (1.5)(0.214) = 0.321 m (14)

∆c2 = (5)(0.214) = 1.07 m (15)

EIe
13473.5

2.3588 10
3–×

------------------------------- 5.71 10
6×= =

∆y

MyLe

2

3EIe
------------

13473.5( ) 16.5( )2

3( ) 5.71 10
6×( )

-----------------------------------------= =

Fig. 15 (a) Moment-curvature relationship of the pile shaft section, (b) Pushover curve of the pile-soil system
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A pushover analysis of the nonlinear finite element model of the column-pile-soil system model

(Fig. 14(b)) led to the pushover curve of Fig. 15(b). During the pushover analysis, material strains

were monitored, and displacement capacity at the selected design level were defined as the

maximum displacement at the pile top without exceeding the material strains at the selected design

level. The displacement capacities at Level 1 and Level 2 for this analysis are 0.453 m and 1.025

m, respectively (Fig. 15(b)). Let us denote the displacement capacities for the pushover analysis as

“exact” values.

The displacement capacities computed form the simplified analysis at Level 2 match the “exact”

value quite well: the value from simplified analysis if 1.07 m and “exact” value is 1.025 m. The

value at Level 1 of 0.321 m from the simplified analysis is slightly less that the “exact” value of

0.453 m. Obviously, the error in the Level 1 displacement capacity is much larger than that for

Level 2 displacement capacity; the slightly larger error for Level 1 occurs due to errors associated

with idealizing the moment-curvature relationship with a bilinear curve. However, the simplified

procedure provides a conservative estimate of the displacement capacity at Level 1 which may be

“accurate” enough for preliminary design or for a quick check on the results from a detailed

analysis. 

9. Conclusions

This investigation proposes an approximate procedure to estimate seismic displacement capacity –

defined as a product of the yield displacement and displacement ductility − of two types of piles −

reinforced-concrete and hollow-steel − with either pin-connection or full-moment-connection used in

the marine oil terminals. Development of this approximate procedure utilized equivalent fixity

approximation for piles. A parametric study is conducted to demonstrate that the displacement

ductility is relatively insensitive to various pile parameters such as pile length, pile diameter,

longitudinal and transverse reinforcement, and pile axial load level for reinforced-concrete piles; and

pile length, pile diameter, wall thickness, and pile axial load level for hollow-steel piles. This

observation applies to ranges of these parameters that are applicable for piles typically used in

marine oil terminals.

Subsequently, it is demonstrated that lower bound values of the displacement ductility of piles

commonly used in marine oil terminals depend on the seismic design level − Level 1 or Level 2 −

and location of the hinging in the pile − near the deck or below the ground. Based on the results of

the parametric study, lower bound values of the displacement ductility are determined such that the

material strain limits specified in the MOTEMS are satisfied at each design level. The

recommended lower bound values of the displacement ductility of piles in marine oil terminals are:

1.75 for seismic design Level 1 (in-ground or pile-deck hinge formation), 2.75 for seismic design

Level 2 (in-ground hinge formation), and 5.0 for seismic design Level 2 (pile-deck hinge formation)

for reinforced-concrete piles; and 1.2 for seismic design Level 1 and equal to 2.75 for seismic

design Level 2 for hollow-steel piles regardless of location of the plastic hinge. The applicability of

the approximate procedure is finally demonstrated through an illustrative example.

The approximate procedure presented in this paper is intended to be used for preliminary design

of piles or as a check on the results from the detailed nonlinear static pushover analysis procedure,

with material strain control, specified in the MOTEMS. It is also useful to emphasize that

displacement ductility values recommended in this paper correspond to the material strain limits
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specified in the MOTEMS. Therefore, these recommendations are strictly valid for piles in marine

oil terminals designed according to the MOTEMS. However, the framework presented in paper may

easily be used to develop such recommendations for other material strain limits.

Acknowledments

This research investigation is supported by the California State Lands Commission (CSLC) under

Contract No. C2005-051 with Martin Eskijian as the project manager. This support is gratefully

acknowledged. Additional support is provided by a grant entitled “C3RP Building Relationships

2008/2010” from the Office of Naval Research under award No. N00014-08-1-1209. This support is

also appreciated.

References

Allotey, N. and El Naggar, M.H. (2008), “A numerical study into lateral cyclic nonlinear soil-pile response,”
Can. Geotech. J., 45(9), 1268-1281.

Budek, A., Priestley, M.J.N. and Benzoni, G. (2004), “The effects of external confinement on flexural hinging in
drilled pile shafts,” Earthq. Spectra, 20(1), 1-24.

Budek, A.M., Priestley, M.J.N. and Benzoni, G. (2000), “Inelastic seismic response of bridge drilled-shaft RC
pile/columns,” J. Struct. Eng-ASCE, 126(4), 510-517.

CALTRANS (2006), Seismic Design Criteria, Version 1.4, The California Department of Transportation,
Sacramento, CA.

Castelli, F. and Maugeri, M. (2009), “Simplified approach for the seismic response of a pile foundation,” J.
Geotech. Geoenviron., 135(10), 1440-1451.

Chai, Y.H. (2002), “Flexural strength and ductility of extended pile-shafts. I: analytical model,” J. Struct. Eng-
ASCE, 128(5), 586-594.

Chai, Y.H. and Hutchinson, T.C. (2002), “Flexural strength and ductility of extended pile-shafts. II: experimental
study,” J. Struct. Eng-ASCE, 128(5), 595-602.

Chiou, J.S. and Chen, C.H. (2007), “Exact equivalent model for a laterally-loaded linear pile-soil system,” Soils
Found., 47(6), 1053-1061.

Dowrick, D.J. (1987), Earthquake Resistant Design, 2nd Edition, Wiley-Interscience, New York.
El Naggar, M.H., Shayanfar, M.A., Kimiaei, M. and Aghakouchak, A. (2005), “Simplified BNWF model for

nonlinear seismic response analysis of offshore piles with nonlinear input ground motion analysis,” Can.
Geotech. J., 42(5), 365-380.

Eskijian, M. (2007), “Marine oil terminal engineering and maintenance standards (MOTEMS),” Proceedings of
2007 Structures Congress, ASCE, Long Beach, CA.

Finn, W.D.L. (2005), “A study of piles during earthquakes: issues of design and analysis,” B. Earthq. Eng., 3(2),
141-234.

Goel, R.K. (2008), “Simplified procedures for seismic analysis and design of piers and wharves in marine oil
and LNG terminals,” Draft Report No. CP/SEAM-08/01, California Polytechnic State University, San Luis
Obispo, CA.

Goel, R.K. (2010), “Simplified procedures for seismic evaluation of piles with partial-moment-connection to the
deck in marine oil terminals,” J. Struct. Eng-ASCE, 136(5).

Imancli, G., Kahyaoglu, M.R., Ozden, G. and Kayalar, A.S. (2009), “Performance functions for laterally loaded
single concrete piles in homogeneous clays,” Struct. Eng. Mech., 33(4).

McKenna, F. and Fenves, G. (2001), The OpenSees Command Language Manual: version 1.2, Pacific
Earthquake Engineering Center, University of California, Berkeley. <http://opensees.berkeley.edu>

MOTEMS (2007), Marine Oil Terminal Engineering and Maintenance Standards (Informal name), Title 24,



146 Rakesh K. Goel

California Code of Regulations, Part 2, California Building Code, Chapter 31F (Marine Oil Terminals), The
International Code Council, Washington, D.C.

Priestley, M.J.N., Seible, F. and Calvi, G.M. (1996), Seismic Design and Retrofit of Bridges, John Wiley and
Sons, Inc., New York.

Roeder, C.W., Graff, R., Soderstrom, J. and Yoo, J.H. (2005), “Seismic performance of pile-wharf connections,”
J. Struct. Eng-ASCE, 131(3), 428-437.

Song, S.T., Chai, Y.H. and Hale, T.H. (2005). “Analytical model for ductility assessment of fixed-head concrete
piles,” J. Struct. Eng-ASCE, 131(7), 1051-1059.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




