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motions were selected. The 1992 Landers � Lucerne ground motion was also included to consider the effects of near 

fault ground motions that include forward directivity. The Landers motion was left unscaled. The eight ground 

motions that were selected are listed in Table 4 and the scaled response spectra are shown in  

Figure 11. 

 

Table 4 -- Ground Motions 

Event Station Mechanism Distance Scale  

1985 Michoacán, Mexico La Union (UNI00) Subduction 52.1 mi (83.9 km) 2.95 

1985 Michoacán, Mexico Villita (VIL00) Subduction 29.7 mi (47.8 km) 4.03 

1985 Valparaiso, Chile Valparaiso (CHVAL070) Subduction 80.3 mi (129.2 km) 3.59 

2001 Peru Moquegua (N-S) Subduction 211.3 mi (340 km) 2.31 

1949 Olympia, WA Olympia (OLY49_086) Deep Intraplate 46.4 mi (74.7 km) 2.77 

2001 El Salvador Ciudadela Don Bosco (CDB180) Deep Intraplate 68.5 mi (110.2 km) 2.55 

1976 Gazli, USSR Karakyr (GAZ000) Crustal - Reverse 8.0 mi (12.8 km) 1.14 

1992 Landers, CA Lucerne (LCN260) Crustal - Strike Slip 1.3 mi (2 km) 1.0 

 

 

(a) Acceleration Spectra (b) Displacement Spectra 

 

Figure 11 -- Scaled Response Spectra 

NONLINEAR DYNAMIC ANALYTICAL RESULTS 

 

With the eight ground motions that are listed above there were a total of 48 analysis cases for both the P-Δ included 

and excluded analysis types, resulting in a total of 96 response history analyses. The maximum displacement 

demands for all of the analysis cases are shown in Figure 12 in terms of fundamental period for both P-Δ included 

and excluded analyses. There does not seem to be a particularly strong correlation between heavily loaded piers (i.e. 

100% of live load, fundamental periods equal to 0.9, 2.1, and 4.8 seconds) and an increase in displacement demand, 

likelihood of collapse, or ground motion record-to-record variability in response. Finally it can also be seen that the 

cases with high displacement demands for the P-Δ excluded cases result in collapse when P-Δ is considered. 
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(a) P-Δ Included (b) P-Δ Excluded 

Figure 12 -- Displacement Demands 

Out of the 48 analysis cases that included P-Δ effects, four indicated instability of the prototype structure and one 

reached very near collapse (see  

Figure 13), while the remainder of the cases responded with behavior that was symmetric and stable. Two of the 

more interesting cases will be examined. The first case, a 30ft tall (9.1m) pier with 100% live load, was subjected to 

the 1985 Michoacán VIL00 ground motion.  

Figure 13a shows the displacement history of the deck for the analysis runs with and without P-Δ, where it can be 

seen that when P-Δ is neglected the response is stable and symmetric with moderate total deflections. However once 

P-Δ is included in the analysis the structure undergoes a very large displacement pulse early in the record, reaching 

near collapse. During subsequent ground shaking the structure slowly re-centers due to the restoring force provided 

by the prestressing within the piles (see  

Figure 6). 

Of particular note is that during the large displacement pulse of the analysis including P-Δ, the maximum connection 

strain reached 0.057. This strain is of some concern because experimental testing (Raynor 2000) of reinforcing bars 

grouted into metal ducts has shown that the ducts greatly inhibit strain penetration along the length of the bar due to 

the confinement provided by the duct. It therefore takes repeated cycles of high strain demand on the bar to break 

down the bond between the dowel and the grout and thereby develop the plastic hinge length given in  [4. This then 

means that the plastic hinge length is dependent on the loading history of the connection. Considering the pier in this 

case experiences an essentially monotonic push with very few previous cycles it is likely that the connection will 

have a very short effective plastic hinge length. This could lead to premature bar fracture as dowel bar strains are 

rapidly accumulated at the pile-to-deck interface. 

This is an area that certainly warrants further experimental testing as there have only been standard cyclic load 

protocol tests on pile-to-deck connections and therefore there is uncertainty regarding the relationship between the 

connection strains, the plastic hinge length, and the loading history of the connection. Because of this, until 

experimental research can be conducted, it is recommended that the dowel bars be intentionally debonded to 

mitigate the effects of pulse type loading whereby the debonding will provide a minimum effective plastic hinge 

length helping ensure adequate rotational capacity of the connection.  
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(a) Deck Displacement History (b) Base Shear � Deflection Response 

 

Figure 13 -- Dynamic Analysis Results - VIL00, 30ft (9.1m) Pier, 100% Live Load, T = 2.1 seconds 

The second analysis case of interest is a 60ft (18.3m) pier, with 10% of the live load, subject to the 1992 Landers 

LCN260 ground motion (see  

Figure 14). Again when the analysis is conducted neglecting P-Δ effects the response is stable and symmetric. When 

P-Δ was included in the analysis the structure undergoes a large initial pulse at 10 seconds that eventually resulted in 

collapse 25 seconds into the record. This indicates the importance of considering near fault forward directivity 

demands for piers where such hazards are present at a specific site. 

 
(a) Deck Displacement History (b) Base Shear � Deflection Response 

 

Figure 14 -- Dynamic Analysis Results � LCN260, 60ft (18.2m) Pier, 10% Live Load, T = 3.1 seconds 

 

Figure 15 shows the maximum tensile strain demands for the pile-to-deck connection and in-round plastic hinges 

plotted against the fundamental period of the pier
 
for the analysis cases including P-Δ effects. For the cases where 

collapse occurred the recorded strains are those associated with the collapse displacement, ΔC (defined in Figure 2). 

Results indicate that for non-collapse cases the steel strains demands are low, even under the MCE ground motion, 

typically between 0.01 and 0.03 for both the deck connection and in-ground plastic hinges, with longer period piers 

generally experiencing lower demands. The OLE, CLE, and DE steel strain limits from POLB are shown for 
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reference for mild steel in the connection and prestressing steel in the in-ground plastic hinges. The one non-collapse 

case with high strain demands is the case discussed in relation to  

Figure 13 where connection and in-ground steel strains reached 0.057 and 0.031 respectively. Even collapse cases 

did not have excessive steel strain demands, with strains at the collapse displacement around the DE strain limits. 

Therefore, for the conditions considered in this study the connection and in-ground demands are low and material 

failures such as dowel bar or strand fracture may not be a primary concern as collapse is typically caused by sway 

instability due to P-Δ effects and not material failure, this validates the expected performance based on data 

presented in  

Figure 10.  

 
(a) Pile-to-Deck Connection Plastic Hinge (b) In-ground Plastic Hinge 

Figure 15 -- Maximum Steel Strain Demands 

Finally it is of interest to determine the relationship between the stability index (θ
o ) and displacement amplification 

factor (DAF). The results are plotted in Figure 16, where considerable scatter, can be seen. This shows that as θ
o
 is 

increased, the variability between the analytical results generated including and neglecting P-Δ effects increases. In 

common design practice P-Δ effects are ignored as it simplifies the analysis, therefore a justifiable limit is needed to 

define the θ
o
 range where P-Δ can safely be ignored. MOTEMS (2011) and the Port of Long Beach (2009) have 

defined this limit to be θ
o

= 0.25, based on reinforced concrete bridge column research. Above this limit, P-Δ must 

be explicitly incorporated into the analysis, which can only be done using NLRHA. The DAF values of 2 in Figure 

16 for cases that collapsed were assigned arbitrarily to show the stability index values where collapse did occur. The 

DAF is actually unbounded for the collapse case. 
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Figure 16 -- Displacement Amplification Factor 

The statistics for the displacement amplification factor are presented in Table 5 for all analysis cases excluding those 

that resulted in collapse. It can be seen that the mean DAF value for all analysis cases, excluding collapse cases, is 

1.07 with a coefficient of variation (COV) of 0.19. This shows that on average ignoring P-Δ effects will under-

predict the displacement demand by seven percent. It is also evident that for cases above the o
θ  limit of 0.25 the 

COV increases substantially. 

Table 5 -- Displacement Amplification Statistics 
o

θ  Range Average Value COV 

0 � 1.0 1.07 0.19 

0 � 0.1 1.04 0.05 

0 � 0.25 1.07 0.13 

0.25 � 1.0 1.05 0.30 

These results indicate that below the 0.25 limit there is still relatively high variability, +45% and -20%, with most 

displacements being amplified by the incorporation of P-Δ effects, however despite the variability in displacement 

amplification the 0.25 limit on o
θ  appears to provide reasonable protection against instability. The lowest stability 

index value associated with collapse was 0.45, which provides a factor of safety 1.8 against collapse in terms of o
θ . 

It is therefore judged to be reasonable to use the current stability index limit of 0.25 for piers built on prestressed 

concrete piles with grouted dowel bar connections to protect against instability. However this stability index limit 

does not fully protect against the variability within the displacement amplification associated with P-Δ effects. It is 

recommended then that when increased analytical accuracy is desired P-Δ effects should be included in the analysis 

if the stability index is greater than 0.10 as the DAF variability below this limit is of very little consequence. 

PROPOSED STABILITY CHECK 

Due to the uncertainty in the plastic hinge length resulting from load history effects as discussed above, a stability 

check incorporating dowel bar fracture is proposed in the forthcoming ASCE Standard. This stability check is 

intended to be conservative and easily applied to the analysis and design of a pier. This procedure can be 

implemented in typical pushover analysis software packages. 

(1) The connection moment-rotation response (typically modeled as elastic-perfectly plastic) should 

be modified to account for the reduction in moment resistance associated with dowel bar rupture. 
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This can be done by reducing the connection to a pin (i.e. zero moment resistance) once the 

rotation associated with a steel strain of 0.06 is reached. 

(2) The structures pushover response should be calculated using normal procedures ignoring P-Δ 

effects. Note: there will be drop in lateral capacity once the connection hinge reaches the rotation 

associated with dowel bar rupture. 

(3) The demand analysis (typically using the substitute structure approach) with pin connections 

should be run normally. 

(4) Once the displacement demand has been determined, the stability index should be calculated using 

the following equation: 

 HV

P

d

do ∆
=θ  

Where: 

 

P =  The weight of the pier including dead load and live load 

∆d =  The design displacement demand determined in step 3 

Vd = The base shear associated with ∆d
 

H =  The distance from the point of maximum in ground moment to the soffit of 

the deck

 (5) Stability considering dowel bar fracture is determined using the following two rules: 

a. If o
θ  is less than 0.25 the structure is stable  

b. If o
θ  is greater than 0.25 the structure is potentially unstable and the P-Δ effects must be 

considered explicitly. If the pushover response with P-Δ has a continual positive stiffness up 

to the displacement demand the structure is stable. If the pushover response with P-Δ has a 

negative post yield stiffness before reaching the displacement demand then nonlinear response 

history analysis or strengthening is required. Piles may be added to the system until o
θ  is less 

than 0.25. 

Based on  

Figure 10 it seems unlikely that piers with long piles under typical gravity loading of 0.02 to 0.05f�cAg  will 

experience connection dowel tensile demands significant enough to cause dowel bar fracture as the displacement 

limit will likely be controlled by the standard stability index check, and the global displacements will be very high.. 

However, for piers with short to moderate length piles, less than around 20ft (6.1m) to 30ft (9.1m), the 

aforementioned stability check should provide a conservative estimate of when dowel bar fracture may precipitate 

global collapse.  

FURTHER STUDY 

While the current study considers the behavior of prestressed concrete piers subject to strong ground shaking, there 

are areas that warrant further study. First as described previously there are uncertainties in regard to the effect 

loading history has on the pile-to-deck connection plastic hinge length and the associated strain capacity of the 

dowel bars. Experimental testing should be conducted to determine if grouted dowel bar connections are susceptible 

to premature dowel bar fracture during earthquakes imposing large displacement pulses early in the record.  

Secondly it would also be prudent to examine the 3-dimensional response of piers, as there can be significant 

torsional response due to changes in pile length and/or mass distribution along the pier. Finally as this study was 

conducted on piers founded in dense sand, the effects varying site conditions (loose to dense sands and clays) should 

be investigated.  

 

CONCLUSIONS 
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This study was conducted to examine the seismic behavior of piers built on prestressed concrete piles founded in 

dense sand with grouted dowel bar connections. The following key observations were made. 

  

1. For the conditions considered in this study the in-ground plastic hinge will control the ultimate 

displacement capacity of the system if POLB strain limits are used, however if the pile-to-deck connection 

mild steel fractures at a 0.06 strain then the displacement capacity of the system will be significantly 

reduced. 

2. The ground motions that caused collapse typically had a displacement pulse or fling in the record. These 

characteristics were particularly harmful to longer period, more flexible piers.  

3. In general connection and in-ground steel demands were low; with few cases experiencing steel strains 

larger than 0.03. This indicates that sway instability due to P-Δ effects is the most common cause of 

collapse for piers. 

4. A stability index limit of 0.25 provides sufficient protection against dynamic collapse when P-Δ effects are 

ignored in the analysis for piers supported on prestressed concrete pile. A simple procedure was proposed 

to help identify when a pier is potentially at risk from instability due to dowel bar fracture.  

5. A stability index limit of 0.1 will protect against significant P-Δ displacement amplification variability 

when increased analytical accuracy is desired. 

6. For typical pile lengths and axial loading the P-Δ sensitive behavior is likely and the stability index limit 

will probably control the displacement capacities over material strain limits. 

7. The proposed P-Δ stability check will be useful in preventing collapse of piers with short to moderate 

length piles, less than around 20ft (6.1m) to 30ft (9.1m) 
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A NEW PILE-DECK CONNECTION FOR SEISMIC PERFORMANCE 

ENHANCEMENT OF MARGINAL WHARVES 

 

Dawn Lehman and Charles Roeder 

 

Synopsis: Pile-supported marginal wharves are a critical component of port infrastructure. A primary region of 

post-earthquake structural damage is the connection between the pile and the wharf deck. Review of prior 

experimental studies into state-of-the-practice connections indicates these can sustain cyclic deformation 

demand but at the cost of deterioration in resistance and significant damage. Damage within the connection is 

difficult to access and its repair is costly. Therefore, there is an interest in reducing the damage under moderate 

levels of seismic demand while sustaining the capacity under large cyclic drifts. An experimental study was 

undertaken to investigate mechanisms to limit damage while maximizing strength and deformation capacities of 

precast piles and their connections.  Several structural concepts were investigated including (1) intentional 

debonding of the headed reinforcing bars, (2) supplemental rotation capacity through the addition of a cotton 

duck bearing pad above the head of the precast pile and (3) supplemental material to sustain the lateral 

deformations while minimizing deck damage. The final design incorporated all of these concepts. The results 

show significantly reduced damage. A design method is proposed to facilitate adoption of the proposed 

connection design in structural engineering practice. A comparison with other connection designs is made via 

fragility functions to assess their seismic performance.  
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