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Jacket platforms are fixed base offshore structures used to produce oil and gas in 

relatively shallow waters worldwide. Their pile foundation systems seemed to perform 

better than what they were designed for during severe hurricanes. This observation has 

led to a common belief in the offshore oil and gas industry that foundation design is 

overly conservative. 

The objective of this research is to provide information to help improve the state 

of practice in designing and assessing jacket pile foundations to achieve a consistent level 

of performance and reliability. A platform database consisting of 31 structures was 

compiled and 13 foundation systems were analyzed using a simplified foundation 

collapse model, supplemented by a 3-D structural model. 

The predicted performance for most of the 13 platform foundations is consistent 

with their observed performance. These cases do not preclude potential conservatism in 

foundation design because only a small number of platform foundations were analyzed 

and only one of them actually failed. The potential failure mechanism of a foundation 
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system is an important consideration for its performance in the post-hurricane 

assessment. Structural factors can be more important than geotechnical factors on 

foundation system capacity. Prominent structural factors include the presence of well 

conductors and jacket leg stubs, yield stress of piles and conductors, axial flexibility of 

piles, rigidity and strength of jackets, and robustness of foundation systems. These factors 

affect foundation system capacity in a synergistic manner. Sand layers play an important 

role in the performance of three platform foundations exhibiting the largest discrepancy 

between predicted and observed performance. Site-specific soil borings are not available 

in these cases. Higher spatial variability in pile capacity can be expected in alluvial or 

fluviatile geology with interbedded sands and clays. 

The uncertainties in base shear and overturning moment in the load are 

approximately the same and they are slightly higher than the uncertainty in the 

overturning capacity of a 3-pile foundation system. The uncertainty in the overturning 

capacity of this foundation system is higher than the uncertainty in shear capacity. These 

uncertainties affect the reliability of this foundation system. 
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Chapter 1:  Introduction 

 

1.1 BACKGROUND 

Jacket platforms are fixed base offshore structures used to produce oil and gas in 

relatively shallow waters (less than 1,500 feet) worldwide. Figure 1.1 presents a 

schematic of a typical jacket platform. This platform is supported by a system of open-

ended, steel pipe piles, driven through the legs of the jacket structure and connected to 

the jacket and platform deck above the sea level. Occasionally, the annuli between the 

jacket legs and piles are grouted to enhance their connections. This platform is also 

equipped with well conductors, which provide additional lateral capacity to the 

foundation system beyond what is provided by the piles. Typical loads on a jacket 

platform may include dead loads (i.e., weight and buoyancy of the platform structure and 

any permanent equipment and appurtenant structures), live loads (i.e., weight of 

equipment, consumable supplies, liquids that can be added or removed from the platform 

and forces due to the drilling operation), and environmental loads applied by the waves, 

winds and currents in a hurricane or other sources (e.g., earthquake, snow, ice and earth 

movement). 

Offshore jacket pile foundation systems seemed to perform better than what they 

were designed for during a number of severe hurricanes in the last two decades (e.g., 

Andrew 1992, Roxanne 1995, Lili 2002, Ivan 2004, Katrina and Rita 2005, and Gustav 

and Ike 2008). This observation has led to a common belief in the offshore oil and gas 

industry that foundation design is overly conservative (e.g., Aggarwal et al. 1996b and 

Bea et al. 1999b). As a result, structural engineers sometimes increase the undrained 

shear strength of clays by a factor of two or more to explain the survivals of foundation 
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systems in post-hurricane platform assessments. In some cases, structural engineers even 

“pin” the jacket structures at the mudline so that foundations cannot fail in the 

assessments. This practice is not reasonable since the bias in the undrained shear strength 

of clays (i.e., the ratio between the mobilized undrained shear strength in the hurricane 

and the design undrained shear strength) is not very likely to be greater than two, nor is it 

reliable because pile foundations did fail in some occasions (e.g., Chen et al. 2011). 

 

 

Figure 1.1: Schematic of Typical Jacket Platform. 

Many factors may contribute to the better-than-expected performance of jacket 

pile foundation systems. Several important factors and their synergistic effects on the 

performance of foundation systems are analyzed based on hurricane loading in this 
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research. Hurricane loading provides an opportunity to evaluate the performance of full-

scale foundation systems that have been in service for a number of years. Therefore, the 

effects of inadequate scale and set-up time on pile capacity that are inherently present in 

the pile load database (e.g., Olson and Dennis 1982) used to develop the most widely 

used design guidance for offshore pile foundations (i.e., American Petroleum Institute 

Recommended Practice 2A or API RP 2A) are minimized, if not entirely eliminated in 

this assessment. Furthermore, the design guidance focuses primarily on the capacity of 

individual piles, whereas the capacity of the entire foundation system is more relevant to 

the performance of a jacket platform. The exposure of a platform to hurricane loading is 

similar to performing a full-scale proof-load test on the entire foundation system. 

Therefore, system effects can be assessed. 

 

1.2 OBJECTIVE AND APPROACH 

The objective of this research is to provide information that may help improve the 

state of practice in designing and assessing jacket pile foundation systems to achieve a 

consistent level of performance and reliability. This objective is achieved through the 

following tasks: 

 Analyze the performance of selected foundation systems in severe hurricanes. 

 Compile a performance database and categorize foundation systems based on 

their performance and dominant failure mechanism. 

 Identify factors that may contribute to the discrepancy between predicted and 

observed performance of foundation systems in hurricanes. 

 Analyze the effects of these factors on the performance of foundation systems. 
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 Assess the uncertainties in hurricane load and foundation system capacity 

used in the assessments. 

 Demonstrate the effects of uncertainties in load and capacity and foundation 

system robustness on the reliability of foundation systems. 

 Make recommendations to account for the factors contributing to the 

discrepancy between predicted and observed performance in post-hurricane 

assessments to achieve consistent performance and in new designs to achieve 

acceptable reliability for the foundation systems. 

 

1.3 ORGANIZATION OF DISSERTATION 

This dissertation is organized as follows: 

 Chapter 2 presents a review of the performance of jacket platforms and their 

foundation systems in recent hurricanes. 

 Chapter 3 presents a review of the state of practice in offshore pile 

foundation design. 

 Chapter 4 presents an overview of the platform database and the basis for 

selecting case study foundation systems for detailed analyses to develop a 

foundation performance database. 

 Chapter 5 describes the structural and foundation models used in the case 

studies and compares the results from these two models. It also presents a 

discussion of various failure mechanisms of a foundation system and 

important factors in these failure mechanisms. 

 Chapter 6 compares the observed and predicted performance of 13 case 

study foundation systems and presents a foundation performance database. 
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 Chapter 7 presents the effects of several important structural factors on the 

capacity of jacket pile foundation systems. 

 Chapter 8 presents a detailed case study of a 3-pile foundation system that 

failed in overturning in Hurricane Ike and discusses the significance of this 

case history. 

 Chapter 9 presents a detailed case study of an 8-pile foundation system that 

survived the loading in Hurricane Ike and the lessons learned from this case 

history. 

 Chapter 10 presents an assessment of the uncertainties in hurricane load and 

foundation system capacity for the 3-pile foundation system in Chapter 8 and 

discusses the effects of uncertainties in load and capacity and foundation 

system robustness on the reliability of this foundation system. 

 Chapter 11 summarizes important findings from this research and makes 

recommendations for assessing the performance of foundation systems in 

hurricanes and for designing new foundation systems to achieve a consistent 

level of performance and reliability. It also makes recommendations on 

potential research in the future. 
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Chapter 2:  Performance of Jacket Platforms in Recent Hurricanes 

 

2.1 INTRODUCTION 

Figure 2.1 summarizes the number of jacket platforms destroyed by severe 

hurricanes in the last 65 years in the northern Gulf of Mexico. For context, approximately 

4,000 platforms are active in the production of oil and gas in this region as of 2011. 

Figure 2.1 shows that the number of destroyed platforms in the last 5 years is more than 

double the number of all destroyed platforms prior to 2005. It indicates that hurricanes 

are getting larger and stronger and, perhaps, platform structures are becoming weaker due 

to aging. A number of researchers and practitioners analyzed the performance of jacket 

platforms since Hurricane Andrew. Key findings from and critical review of their work 

are presented in this chapter. 

 

 

Figure 2.1: Number of Destroyed Jacket Platforms in Northern Gulf of Mexico. 
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2.2 HURRICANE ANDREW (1992) 

Hurricane Andrew passed through some 3,000 offshore platforms in the Gulf of 

Mexico from August 24 to 26, 1992. While most structures were not adversely affected 

by Andrew, several sustained significant damage and some collapsed (Puskar et al. 

1994). After Andrew, a Joint Industry Project (JIP) was funded by several organizations 

to investigate the performance of 13 platforms affected by Andrew. Among these 13 

platforms, six survived the hurricane loading, three suffered various degrees of damage 

and four failed in the hurricane. Nonlinear structural analyses were carried out to 

determine the performance of these platforms, which was then compared to the observed 

performance in the field. A global bias factor (B) defined as follows was used in the 

comparison. 

 

(
 

 
)
    

  (
 

 
)
        

                                          (2.1) 

where R is the base shear capacity of the platform and S is the base shear load on 

the platform. 

 

A (R/S) ratio greater than 1.0 indicates platform survival and a (R/S) ratio less 

than 1.0 indicate platform failure. The computed performance of the platform, 

(R/S)computed, may or may not agree with the observed performance, (R/S)true. A bias 

factor greater than 1.0 indicates that the procedures for estimating load and capacity are 

conservative; conversely, a bias factor less than 1.0 means that the procedures are not 

conservative. 



 8 

A probabilistic approach using Bayesian updating was carried out to calibrate the 

computed performance against the observed performance and to assess the bias factor. 

The focus of Phase I of the JIP was to assess the global bias factor for platforms, 

including jacket structures and foundations. At the conclusion of the Phase I work, PMB 

Engineering, Inc. (1993) and Puskar et al. (1994) found a global bias factor that is on the 

order of 1.1 to 1.2. They also identified that these platforms exhibited a variety of 

component and system failure mechanisms and that they may or may not be 

representative of the entire fleet of platforms in the Gulf of Mexico. Hence, they did not 

recommend applying this bias factor to the assessment of any specific platform. Further 

studies were also recommended to analyze more platforms and to focus on particular 

platform failure mechanisms (e.g., jacket structure, foundation, etc.). 

Foundation performance was studied in Phase II of the JIP. Bias factors specific 

to jacket and two foundation failure mechanisms (i.e., foundation axial and lateral failure 

mechanisms) were developed. The Phase II study utilized an updated storm hindcast, 

improved structural analysis model and a more detailed calibration procedure. At the 

conclusion of the Phase II work, PMB Engineering, Inc. (1995) and Aggarwal et al. 

(1996a and 1996b) found that the bias factors for foundation axial and lateral failure 

mechanisms are significantly greater than the global bias factor of 1.1 and that the two 

foundation bias factors are different. The bias factor for foundation axial failure 

mechanism is greater than the bias factor for foundation lateral failure mechanism. Note 

that static p-y curves were used in this work to model the nonlinear relationships between 

lateral soil resistance and lateral deflection along the length of the pile. 

A list of issues related to the platforms and calibration approach used in the 

Andrew Phase I and Phase II work are identified and summarized below. 
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 The most significant issue is that many platforms used in the Andrew studies 

were not loaded to their capacities. The calibration then used the observed 

performance of these platforms near the left-hand tail of the probabilistic 

distribution of capacity to infer the mean capacity. Therefore, the inference 

from the calibration may not be reasonable. 

 The bias factor is sensitive to the selection of case study platforms in the 

calibration process. If platforms used in the calibration process are those that 

survived the hurricane loading, the bias factor tends to be conservative (i.e., 

B> 1.0). Conversely, if platforms used in the calibration process are those that 

failed in the hurricane, the bias factor tends to be unconservative (i.e., B< 1.0). 

This observation is especially significant for the bias factors related to 

foundation axial and lateral failure mechanisms because the case study 

platforms used in the calibration process for foundation axial and lateral 

failure mechanisms are those that did not suffer any damage in the foundation. 

 The number of case study platforms (i.e., 13) is too small to assess the bias 

factors that are representative for the entire fleet of nearly 4,000 platforms in 

the Gulf of Mexico. These 4,000 platforms are of a wide variety of vintages, 

structural types (e.g., 3-leg, 4-leg, 6-leg, 8-leg, etc.), water depths, sol 

conditions, etc. Hence, the 13 platforms are just a small sample of the 

platforms in the Gulf of Mexico. 

 The underlying assumption in the calibration process using multiple platforms 

is that the performance of platforms is independent of one another. This 

assumption is difficult to justify because the procedures for estimating load 

and capacity are most likely similar for all platforms. If the hurricane load on 

a particular platform was overestimated, it was likely overestimated for other 
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platforms as well. Likewise, if the structural capacity was underestimated for 

a particular platform, it was likely underestimated for other platforms. The 

performance of platforms should be correlated to some degree. 

 This approach lumps the uncertainties in predicting load and capacity into a 

single bias factor, which is fine if the purpose is to predict the performance of 

platforms closely in post-hurricane assessments. However, the results cannot 

be applied easily to new designs, especially those using a load and resistance 

factor design (LRFD) format. Uncertainties in load and capacity need to be 

characterized separately. 

 

2.3 HURRICANE ROXANNE (1995) 

Hurricane Roxanne passed through more than 250 platforms in the Bay of 

Campeche. Some of the platforms experienced hurricane loads close to the 100-year 

design conditions (Bea et al. 1999b). Structural damage for some platforms was reported 

by Souza et al. (1998). However, there was no indication of foundation failure or distress. 

Analyses of pile foundations indicated that foundation failures should have been 

observed (Valdes et al. 1998). In addition, many ultimate limit state (ULS) analyses 

indicated that pile foundation was the most likely element to fail in the entire structural 

system. This discrepancy led to a reliability analysis performed by Bea et al. (1999b). 

Bea et al. (1999b) identified sources of bias in the estimated pile capacity, with 

sampling disturbance, testing method, set-up and aging, strain rate and cyclic degradation 

being the most prominent ones. They mentioned that “crude” sampling and testing 

methods can lead to a conservative bias as high as 2.0. The bias as a result of using wire-

line percussion technique (driven samples) versus using high-quality pushed samples is 
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about 1.4. They also mentioned that set-up and aging for a period of 10 years after pile 

installation can lead to a pile capacity that is two or three times higher than the short-term 

capacity after installation. They argued that strain rates associated with wave and 

earthquake loadings can increase the shear strength of soils by factors on the order of 1.4 

to 1.7. They also argued that cyclic degradation can reduce both axial and lateral soil 

capacities, due to strain reversal in the upper part of the pile-soil interface and gaps 

forming between the piles and soils, respectively. For Bay of Campeche soils, they found 

that the combined effects of strain rate and cyclic degradation resulted in a bias of 1.4 in 

the estimated pile capacity. 

Bea et al. (1999b) found that biases in the estimated axial and lateral pile 

capacities are 1.7 and 1.6, respectively, for piles loaded by Roxanne in the Bay of 

Campeche. After making assumptions about the uncertainties in load and pile capacity, 

Bea et al. (1999b) performed a simplified reliability analysis and concluded that the 

probability of pile foundation failure should have ranged between 0.05 (for tripods or 4-

pile platforms) and 0.02 (for 8-pile platforms), if there were not bias (i.e., B= 1.0). Since 

about 250 platforms were loaded by Roxanne (about half of these are tripods or 4-pile 

platforms) and none of them failed in the foundation, the bias in foundation capacity 

according to the design guidance, which is essentially API RP 2A, should be greater than 

2.0. 

Conclusions made by Bea et al. (1999b) have the same issues as those made by 

Aggarwal et al. (1996a and 1996b) because their analyses were only based on the 

performance of pile foundations that survived the hurricane loading. As such, the bias 

factors tend to be on the conservative side (B> 1.0). In addition, assumptions of the 

median factor of safety, distributions of load and capacity, and that the performance of 
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pile foundations is independent of one another in the simplified reliability analysis by 

Bea et al. (1999b) may affect the inferred bias. 

 

2.4 HURRICANE LILI (2002) 

Hurricane Lili passed through a region in the Gulf of Mexico that is densely 

populated with offshore platforms. Approximately 800 platforms were exposed to 

significant winds and waves in Lili. Platforms performed remarkably well. Only 17 

platforms were identified to sustain significant damage (Puskar et al. 2004). Other 

important findings include: 

1. Age of the platform is important for its performance. Fourteen of the 17 

platforms that sustained significant damage were installed prior to 1980. 

Platforms installed in this era were designed when API RP 2A was evolving 

and often had lower decks, smaller members and weaker joints than post-1980 

platforms. 

2. Wave-in-deck damage is prominent. Several pre-1980 platforms were known 

to have low decks and, therefore, more susceptible to wave-in-deck damage. 

After Lili, a calibration study similar to the Andrew Phase II study was carried out 

to assess bias factors for jacket structural, foundation axial and lateral failure mechanisms 

(ABS Consulting, Inc. 2004 and Puskar et al. 2004). Only three platforms exposed to Lili 

were used in the calibration study. None of them suffered a foundation failure. Bias 

factors were also developed for the combined effect of Andrew and Lili (Table 2.1). As 

shown, the bias factors inferred from Andrew and Lili were generally similar (on the 

order of 1.1 to 1.4). They indicated a somewhat conservative procedure for predicting the 

performance of pile foundations according to API RP 2A. The Lili study has the same 
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issues as those in the Andrew Phase I and Phase II studies. The most significant issue is 

that none of the platforms suffered damage or failed in the foundation. 

 

2.5 HURRICANE IVAN (2004) 

A total of seven fixed platforms were destroyed in Hurricane Ivan, one of which 

was toppled by a mudslide and others were destroyed by metocean (i.e., wind, wave and 

current) forces according to Puskar et al. (2006). Most of the platforms destroyed or 

suffered major damage are in water depths between 200 and 350 feet and have 

insufficient deck heights at or below the current API RP 2A minimum deck elevation 

requirement. Typical damage types include wave-in-deck damage, topsides wind damage, 

and jacket leg, joint, brace and conductor guide framing failures. Again, none of the 

failures was attributed to foundation failure. 

Table 2.1: Summary of Bias Factors Inferred from Performance of Selected Platforms 

Loaded by Andrew and Lili (Puskar et al. 2004). 

 Andrew Lili Combined 

Bias Factor Mean c.o.v.* Mean c.o.v.* Mean c.o.v.* 

Jacket 1.09 0.12 1.24 0.13 1.18 0.10 

Foundation Lateral 1.28 0.17 1.12 0.22 1.31 0.17 

Foundation Axial 1.35 0.20 1.37 0.19 1.32 0.18 

* Note that c.o.v. denotes coefficient of variation. 

 

A calibration study similar to the Andrew and Lili studies was performed (Energo 

Engineering 2006a and Puskar et al. 2006). Six platforms were used in the Ivan study. 

Among these platforms, three were destroyed, two were damaged and only one survived 
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the hurricane loading. As expected, the bias factor for jacket strength derived from the 

Ivan study (i.e., B= 1.0) is lower than those from the Andrew and Lili studies (i.e., B= 1.1 

and 1.25, respectively) because only one platform in the Ivan study survived the 

hurricane loading. This observation underscores the sensitivity of the bias factor to the 

selection of case study platforms used in the calibration study. Considering the limited 

experience in Andrew, Lili and Ivan, the jacket strength bias factor is on the order of 1.1, 

which indicated that API RP 2A is reasonably conservative. Note that Energo 

Engineering (2006) and Puskar et al. (2006) did not present bias factors for foundation 

axial and lateral failure mechanisms from the collective experience acquired in Andrew, 

Lili and Ivan. 

 

2.6 HURRICANES KATRINA AND RITA (2005) 

Hurricanes Katrina and Rita passed through some 3,000 platforms in the Gulf of 

Mexico in 2005 and destroyed 116 platforms. More than 160 platforms suffered major 

above and below water damage. These two hurricanes resulted in the largest numbers of 

destroyed and damaged platforms in the history of Gulf Mexico operations. 

Most of the damage in Katrina and Rita was the same as reported in other 

hurricanes, such as buckled braces, cracked joints, cracked legs, etc., due to strength 

overload (Puskar et al. 2007). One unusual type of damage, observed in several 

occasions, was called “pancake leg” due to flattening of leg in the damage area (Figure 

2.2). This type of damage was first observed in Lili and then in Ivan, and was originally 

thought to be caused by fabrication flaws. However, there were more than 12 confirmed 

cases of pancake leg damage since Lili. In all cases, the pile was not grouted to the leg. 

The formation of pancake leg was believed to be initiated by local bulging or buckling in 
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the thin-walled leg section just above the thicker joint can. The next phase in the 

progression of this damage was usually severed leg section, usually found near a 

longitudinal weld seam. The constant back-and-forth wave motions and resulting 

platform movements caused flattening of the separated leg sections. Additional jacket 

damage, such as broken joints or buckled braces, was usually found in the cases where 

pancake leg damage was found. The additional jacket damage was believed to allow the 

platform to incur large movements required to pound the separated leg sections flat. 

Hence, the pancake leg damage was believed to be associated with damage in the jacket 

structure, rather than in the foundation. 

 

 

Figure 2.2: Photograph Showing “Pancake Leg” Damage (after Energo Engineering 

2007). 
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There were few if any observed foundation failures in Katrina and Rita, even 

though ultimate strength pushover analyses indicated that these failures should have 

occurred in some cases (Energo Engineering 2007 and Puskar et al. 2007). There were 

two cases of “reported” foundation failures in Katrina and Rita, one of which was shown 

in Figure 2.3. It appeared from above the water that piles supporting this platform failed 

axially (i.e. plunged or pulled out), causing the platform to lean. However, underwater 

inspections found that failures in the jacket structures, rather than in the foundations, 

were causing these platforms to lean. Even in a few documented cases of destroyed 

platforms, underwater sonar images or diver’s reports indicated that the platforms were 

destroyed because the jacket structures broke at a location above the mudline, not in the 

foundations. The observations that foundations seemed to perform better than the jacket 

structures that they support and better than what they were designed for in several major 

hurricanes, especially in Katrina and Rita, are the primary motivations of this research. 

A calibration study similar to the Andrew, Lili and Ivan studies was performed for 

three platforms loaded by Katrina and three platforms loaded by Rita (Energo 

Engineering 2007). One of these platforms survived the hurricane loading and the other 

five platforms suffered structural damage in the hurricanes. None of the platforms failed 

either in the structure or foundation. The bias factor for jacket strength considering the 

six platforms loaded by Katrina and Rita was 1.06. Considering the collective experience 

from Andrew to Rita, the bias factor was 1.09. Therefore, the overall performance of API 

RP 2A in predicting jacket strength seems to be conservative by about 10 percent. Energo 

Engineering (2007) also stated that the bias factors from different hurricanes are different 

because of the selections of case study platforms in the calibration studies. However, 

these bias factors complemented one another and the combined bias factor from different 

hurricanes is more representative than individual bias factors. 
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Figure 2.3: Photograph of Leaning Platform Indicative of Foundation Failure (Energo 

Engineering 2007). 

 

2.7 HURRICANES GUSTAV AND IKE (2008) 

Hurricanes Gustav and Ike also affected approximately 3,000 platforms in the 

Gulf of Mexico in the fall of 2008. While most platforms performed adequately, 60 

platforms were destroyed and numerous others were damaged by these hurricanes. The 

majority of destroyed or damaged platforms were due to Hurricane Ike (Energo 

Engineering 2010). Damage to the platforms was similar to that reported in previous 

hurricanes (e.g., bent deck beams, buckled braces, cracked joints, cracked legs, etc.). The 
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damage was primarily due to strength overload. Pancake leg damage was also found in 

some platforms damaged by Ike. Energo Engineering (2010) found 21 documented cases 

of pancake leg damage since Lili. In many cases, the diameter-to-wall-thickness ratio 

(D/t) was greater than 60, which means that the wall thickness is small relative to the 

diameter of the tubular member. Additionally, the average reduction in wall thickness 

from the joint can to the regular leg section was 5/8 inch, which creates a weak point in 

the jacket leg, where stress concentration tends to occur. Several jacket pile shim 

connections failed and proved to be the weak link in the platform design (i.e., the shim 

connections were weaker than the jacket structures and pile foundations). Crown shim 

failure was likely the initiating failure mechanism for several destroyed platforms. 

An interesting observation in Gustav and Ike was that five recently installed 

tripods (3-leg platforms) were destroyed (Energo Engineering 2010). Table 2.2 

summarizes the numbers of destroyed versus exposed platforms based on the number of 

piles. Four-pile platforms accounted for nearly half of the destroyed platforms, which was 

not a surprise because they made up the largest group of platforms exposed in Gustav and 

Ike. Tripods made up the next largest group of destroyed platforms with 11 destroyed 

platforms out of 237 platforms exposed to Gustav and Ike, representing almost the 

highest percentage of destroyed platforms based on the number of piles. Note that 8-pile 

platforms with skirt piles actually had a higher percentage of destroyed platforms than 

tripods but there were only 38 structures exposed and the two destroyed platforms were 

both built in the early 1970’s with low deck heights. 

The number of destroyed tripods in Gustav and Ike is surprisingly high. One 

possible explanation is that tripods have little robustness. If one of the braces, legs or 

piles fails, there are very few alternative load paths to transfer the load. Additionally, 
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tripods located in more than 200 feet of water are dynamically sensitive and their 

responses can be amplified in severe storms (Energo Engineering 2010). 

Numerous leaning platforms were observed in Gustav and Ike. A number of these 

leaning platforms were “suspected” of pile foundation failures. A few cases turned out to 

be the first documented cases of pile foundation failures in hurricanes. One of these cases 

was confirmed to be a foundation overturning failure due to piles plunging and pulling 

out because several underwater inspections performed after the hurricane could not 

identify any structural failures that might cause the platform to lean and all evidence 

pointed to a foundation failure. Details of this case are presented in Chapter 8. 

Table 2.2: Summary of Destroyed versus Exposed Platforms in Hurricanes Gustav and 

Ike based on Number of Piles (Energo Engineering 2010). 

Structure Type Number Exposed Number Destroyed Percent Destroyed 

Caisson 819 9 1.1% 

Tripod 237 11 4.6% 

4-Pile 919 27 2.9% 

4-Pile (Skirt Piles) 26 1 3.8% 

6-Pile 90 2 2.2% 

6-Pile (Skirt Piles) 1 0 0.0% 

8-Pile 304 8 2.6% 

8-Pile (Skirt Piles) 38 2 5.3% 

10-Pile 12 0 0.0% 

12-Pile 14 0 0.0% 

More than 12-Pile 25 0 0.0% 

Total 2485 60 2.4% 
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Energo Engineering (2010) did not perform the type of calibration studies that 

were performed after Hurricanes Andrew, Lili, Ivan, Katrina and Rita for platforms 

exposed to severe loading in Hurricanes Gustav and Ike. 

 

2.8 SUMMARY 

Numerous platforms were exposed to severe loading conditions in major 

hurricanes since 1992. Some of them were destroyed, some damaged, but most of them 

survived the hurricane loading. The majority of platform damage or failures were found 

in the jacket and deck structures. Very few known foundation failures were found and 

documented. 

Calibration studies using the Bayesian updating approach were performed after 

most of these hurricanes to assess the bias factors in predicting the performance of jacket 

structures and foundations according to API RP 2A. The biases were found to be 

conservative (B> 1.0). The biases for foundation performance were found to be higher 

than those for jacket structures. As a result, there has been a general perception in the 

offshore oil and gas industry that foundation designs based on API RP 2A were overly 

conservative. Hence, increasing the undrained shear strength of soils to explain 

foundation survivals have been the practice in numerous post-hurricane platform 

assessments. 

The above findings about the biases were heavily influenced by the selection of 

case study platforms in the calibration studies. Most of the platforms included in these 

studies were not loaded to or beyond their capacities. In addition, none of the calibration 

studies included a case where the foundation actually failed, which made the inferred 

biases higher than they really are. Detailed case studies are carried out in this research to 
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analyze the performance of jacket pile foundations in hurricanes and factors that may 

influence their performance. 
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Chapter 3:  Offshore Pile Foundation Design 

 

3.1 INTRODUCTION 

The design of offshore pile foundations in the Gulf of Mexico has been guided by 

API RP 2A for the last 40 years. The most recent version (i.e., the 21
st
 edition) of the 

design guidance is provided in 2000, with the latest errata and supplement in 2007. A 

brief summary of the design guidance is presented in this chapter, followed by a 

discussion of potential sources of conservatism in this design guidance. Note that this 

chapter is derived primarily from Chen et al. (2009b and 2010a). While the author is the 

first author of these project reports, contributions from the co-authors to the content 

presented herein are explicitly acknowledged. Specifically, Prof. Gilbert contributed 

many of his insights to the historical development of API RP 2A and potential sources of 

conservatism for pile design based on API RP 2A via personal communications. 

 

3.2 BRIEF DISCUSSION OF PILE DESIGN BASED ON API RP 2A 

The design guidance is for individual piles and considers axial and lateral loading. 

For axial loading, the resistance of the pile is divided into side shear (or skin friction) 

acting along the external wall of the pile over its length and end bearing acting at the tip 

of the pile. While the piles are open-ended pipe piles, soil plugs generally form inside the 

pipe piles after set-up so that end bearing acts over the gross area of the pile tip. The side 

shear and end bearing resistance requires displacement of the pile in the soil to mobilize. 

The relationship between side shear and displacement is characterized by a t-z curve (t is 

unit side shear and z is axial displacement between the pile wall and the soil), while the 

relationship between end bearing and displacement is characterized by a Q-z curve (Q is 
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end bearing capacity and z is tip displacement). Side shear can act in both directions (i.e., 

a pile pushing down in compression or pulling up in tension), while end bearing is 

generally assumed to act only in compression. Although reverse end bearing can develop 

for piles loaded in tension, the magnitude of reverse end bearing is generally 

insignificant. For a typical pile, the majority of its axial capacity comes from the lower 

third of the pile length. 

For lateral loading, the soil resistance acting on the pile versus lateral 

displacement is characterized by a p-y curve (p is the unit lateral resistance and y is the 

lateral displacement). Cyclic loading during a storm can degrade the lateral soil resistance 

due to disturbance of the soil around the pile and even a gap potentially opening up 

between the pile and soil. Therefore, two sets of p-y curves are provided for design, one 

for static loading and the other for cyclic loading. The more conservative cyclic p-y 

curves are generally used for design with hurricane loading. For a typical offshore pile, 

the majority of the lateral capacity comes from the upper 30 to 50 feet of the pile length 

depending on the pile diameter and soil conditions. 

Soils are divided into two broad categories, cohesive soils and cohesionless soils, 

for design purposes. In the Gulf of Mexico, cohesive soils are made up primarily of 

marine clays that were deposited as sediment dropping through the water column. Since 

cohesive soils drain relatively slowly under loading during a hurricane, they are 

characterized by their undrained shear strength (c) for pile design. The undrained shear 

strength is typically measured in the laboratory using soil samples obtained from soil 

borings. These samples have been typically obtained by driving or pushing a sampling 

tube (2.5-inch outside diameter liner sampler or 3-inch outside diameter thin-walled 

Shelby tube sampler) depending on whether the weights of the hammer and percussion 

sampler are sufficient to push the sampler into the formation. As such, these samples 
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exhibit various degrees of disturbance and undrained shear strengths that are generally 

lower than those in situ. The liner sampler was, and today still is, used to obtain soft clay 

samples until the undrained shear strength increases to 250 to 300 psf (or to a depth of 30 

to 40 feet below the seafloor). Occasionally, samples have been obtained using a large 

diameter piston sampler (e.g., 4-inch diameter STACOR sampler). These samples are less 

disturbed and exhibit higher undrained shear strengths. In addition, undrained shear 

strengths have been obtained by performing in situ tests, such as field vane and piezocone 

penetration tests, in the soft clay. The undrained shear strengths from in situ tests are 

generally higher than those from laboratory tests performed on relatively disturbed 

samples. The bias in undrained shear strength due to sampling disturbance and testing 

method has been implicitly accounted for by the geotechnical engineers who develop a 

design profile of undrained shear strength versus depth for pile design. The in situ 

undrained shear strength generally increases linearly with depth below the mudline, at a 

nominal rate of about 7 to 10 pounds per square foot per foot (psf/ft), for marine clays in 

the Gulf of Mexico. When a pile is driven, the soil is disturbed and the undrained shear 

strength is reduced. Over a period of several weeks to months after driving, the undrained 

shear strength increases back to approximately the undisturbed value. The axial side 

shear and end bearing resistance, and lateral soil resistance are roughly proportional to 

the undrained shear strength of clays. 

The t-z curves for marine clays generally exhibit strain softening; the peak side 

shear is mobilized at a displacement that is about one percent of the pile diameter and 

then drops to a value between 70 and 90 percent of the peak side shear at a displacement 

larger than two percent of the pile diameter. For the relatively long and flexible piles used 

to support jacket platforms, the maximum side shear capacity is less than the capacity 

when peak side shear is assumed to mobilize simultaneously along the entire pile length 
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because the axial flexibility of the pile does not allow peak side shear to be mobilized 

everywhere along the pile at the same time. For lateral loading, cyclic p-y curves in clays 

limit the unit lateral resistance to about 70 percent (or less than 70 percent for clays near 

the mudline) of the lateral resistance for static loading. 

Cohesionless soils on the continental shelf in the Gulf of Mexico are generally 

made up of alluvial (or fluviatile) sands that were deposited by rivers during times when 

the shelf was exposed due to lower sea levels. Because these cohesionless soils drain 

relatively quickly under loading during a hurricane, these soils are characterized by their 

drained shear strength, expressed as an internal friction angle (’), for pile design. The 

internal friction angle increases with density and with particle size. The internal friction 

angle has generally been estimated from the number of blows required to drive a 

sampling tube (essentially a small diameter, open-ended pipe) into the sand. One 

challenge that arises frequently is when the sampler meets refusal, meaning that it cannot 

be driven through the sand and greater judgment is required to estimate ’. The axial side 

shear is related to the interface friction angle between the sand and pile wall (), which is 

nominally 5 degrees less than the internal friction angle of the sand (’). The axial side 

shear is also related to the lateral stress acting on the pile wall, which is expressed as an 

earth pressure coefficient (K) times the vertical effective stress. K is assumed to be 0.8 

for open-ended pipe piles and 1.0 for closed-ended pipe piles in the Gulf of Mexico. At 

depths, approximately 50 to 100 feet below the mudline, the design method constrains the 

unit side shear to a maximum or limiting value that is also related to ’ (i.e., higher 

limiting side shear for higher ’). The t-z curves for sands do not exhibit strain softening. 

The axial end bearing for sands is also related to ’ and is constrained by a maximum or 

limiting value that is relevant for typical platform piles that are greater than 100 feet in 

length. Again, the limiting end bearing increases with increasing ’. The ultimate lateral 
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resistance in sands is also related to ’. The lateral resistance corresponding to cyclic 

loading is also less than that corresponding to static loading. However, the difference is 

less pronounced for sands than for clays. 

Generally, the axial pile capacity in sands is much higher than it is in clays. In a 

complex soil stratigraphy, such as one with interbedded layers of sands and clays, the pile 

capacity is assumed to have a smooth transition near the artificially defined layer 

boundaries. Common practice is to assume that the end bearing capacity in sands cannot 

be fully mobilized until the pile penetrates a distance of 3 pile diameters into the sand 

layer. Also, the end bearing capacity is assumed to decrease at a distance of 3 pile 

diameters above the underlying clay layer. In these transition zones, the end bearing 

capacity is assumed to vary linearly between the value corresponding to the clay layer 

located above or below the sand layer and the value corresponding to the sand layer. If 

the thickness of the sand layer becomes thin enough such that entire layer is within the 

transition zones, the design parameters are usually downgraded. Also, if there are a few 

thinly interbedded sand and clay layers, they are usually lumped into a single layer. In 

this case, offshore geotechnical engineers often recommend a design undrained shear 

strength profile for end bearing capacity calculation and a set of downgraded design 

parameters for sand (i.e., K,  and flim) for side shear capacity calculation, which can 

potentially be conservative. A list of design parameters for clays and sands are presented 

in Table 3.1. 

 

3.3 POTENTIAL SOURCES OF CONSERVATISM IN PILE DESIGN BASED ON API RP 2A 

The foundation design methodology is intended to produce pile foundations that 

are fit for purpose and is not necessarily intended to predict the actual capacity of piles in 
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a hurricane. The challenge is that there is a great deal of uncertainty in estimating pile 

capacity under both axial and lateral loading. In order to account for this uncertainty, 

there are numerous assumptions in the design practice that tend to be conservative so that 

uncertainty does not lead to an unexpected failure. These assumptions are implicit in the 

design practice and act in addition to the design factor of safety. 

Table 3.1: Design Parameters for Cohesive Soils (Clays) and Cohesionless Soils 

(Sands) in API RP 2A. 

Design Parameters for Clays 

Parameter Symbol Used for 

Submerged Unit Weight ’ Axial and Lateral Capacity 

Undrained Shear Strength c Axial and Lateral Capacity 

Reference Strain c Lateral Capacity 

Design Parameters for Sands 

Parameter Symbol Used for 

Submerged Unit Weight ’ Axial and Lateral Capacity 

Coefficient of Lateral Earth Pressure K Axial Capacity 

Soil-Pile Interface Friction Angle  Axial Capacity 

Limiting Skin Friction flim Axial Capacity 

Bearing Capacity Factor Nq Axial Capacity 

Limiting Unit End Bearing qlim Axial Capacity 

Initial Modulus of Subgrade Reaction k Lateral Capacity 

Internal Friction Angle ’ Lateral Capacity 
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The following list of potential sources of conservatism in pile design draws 

heavily upon the work by Tang and Gilbert (1992), Murff et al. (1993), Pelletier et al. 

(1993), Aggarwal et al. (1996) and Bea et al. (1999b). Hurricanes Andrew (1992) and 

Roxanne (1995) provided the primary motivation for documenting this information. 

1. Availability of Site-specific Geotechnical Data: When assessing older 

platforms, site-specific geotechnical data are often unavailable due to various 

reasons including the time elapsed between the original constructions and 

current assessments, change of ownership, confidentiality issues, record 

keeping practice and historical design practice. Even when a site-specific 

boring is available, it is seldom at the exact location of the platform and may 

not reflect variations in subsurface conditions over the distance between the 

piles and the boring. On the shelf where most jackets are located, the soil 

stratigraphy tends to be more variable than in deeper water due to interbedded 

sand and clay layers and clays that may have been desiccated when sea levels 

were much lower than they are today. In areas with alluvial (fluviatile) sand 

deposits, this variability is particularly pronounced because of the complex 

geometry from channels that meandered and cut across one another. In order 

to account for this uncertainty due to spatial variability in soil conditions, 

design shear strength profiles tend to exhibit conservatism and are not 

necessarily the best estimate or median value for shear strength based on 

geotechnical data alone. 

2. Sampling and Testing Methods for Site Investigations: Sampling and testing 

methods can have a significant impact on the estimated engineering properties 

of soils. Sampling methods have improved over time; therefore, it is not 

possible to compare data from older soil borings directly with those from 
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more recent soil borings. Specifically, driven samples were used to 

characterize the undrained shear strength of clay layers roughly before 1980, 

while pushed samples and in situ tests have been widely used since then. 

Likewise, driven penetration tests were used to characterize the density and 

shear strength of sand layers until recently when modern cone penetration 

tests were used more frequently. Uncertainty in the in situ engineering 

properties of the soils was greater historically than it is today, which leads to 

more conservative design assumptions for the vast majority of platforms on 

the continental shelf. 

3. As-built Conditions of Foundation: The as-built conditions of foundations 

may be different from those planned for or assumed in design. For example, 

pile driving records sometimes show that the as-built pile lengths are different 

among the piles supporting the same platform and different from the design 

pile length, most likely due to denser soils that caused refusals of some piles. 

These as-built conditions may be significant because the axial capacity of 

piles can be higher than expected. Also, the pile wall thickness schedules may 

be different from those shown in the design drawings due to pile refusals, 

which may affect the lateral capacity of piles. Sometimes, jetting or drilling 

out the pile plugs is performed to advance the piles to their design 

penetrations. These processes can reduce the axial capacity of piles. The 

annulus between the pile and jacket leg may be grouted. The grouting 

connects the pile and jacket leg structurally and increases the effective 

structural capacity of the pile near the mudline. These details can only be 

found in the as-built (record) drawings. The as-built conditions of foundations 

are important in assessing their capacities. Construction records are often 
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difficult to locate for older platforms, especially when the platforms have gone 

through several ownership changes. The foundation conditions may also 

change with time. For example, scour and subsidence of soils around the 

foundations may decrease their capacities. 

4. Time Effects: Long-term set-up or aging for piles installed in clays and sands 

may increase the foundation capacity with time. The design method is 

intended to estimate foundation capacity after short-term set-up (i.e., after 

dissipation of excess pore water pressure induced by pile driving), which 

generally occurs within several months after driving. However, both 

laboratory and field data suggest that the axial side shear capacity of a driven 

pile can continue to increase for years after driving (e.g., Seed and Reese 

1957, Vijayvergiya et al. 1977, Randolph et al. 1979, Chow et al. 1996, 

Bogard and Matlock 1998 and O’Neill 2001). This evidence suggests that the 

increase in side shear capacity several years after driving could be as much as 

two times higher than the value assumed in design. In addition, the ultimate 

lateral resistance of soils can increase with time due to cyclic loading and 

unloading occurring over the lifetime of the platform when it is subjected to 

storms. Jeanjean (2009) provided data indicating that the ultimate lateral 

resistance of clay can be as much as 50 % greater after repeated loading and 

unloading cycles due to reconsolidation of the clay. These potential long-term 

increases in capacity are typically not included in design. 

5. Rate-of-loading Effects: The design axial and lateral capacities are 

representative of a static load applied over duration of several minutes to 

hours. However, the maximum load in a hurricane will be applied over a few 

seconds. The strength of the soil and therefore the capacities of the pile tend to 
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increase with increasing loading rate. Higher loading rates can lead to higher 

capacities that are as much as 100 percent greater than the design values (Bea 

et al. 1999b). 

6. Strain softening and Cyclic Degradation: Strain softening and cyclic loading 

can degrade the undrained shear strength of clays. These effects, which tend to 

reduce axial and lateral pile capacities, are generally included in design (via t-

z curves with strain softening and cyclic p-y curves). If the effects of strain 

softening and cyclic degradation are not as severe as those assumed in design, 

the axial and lateral pile capacities can be higher than their design values. 

7. Limitations of Design Databases: The design methods were developed from 

load tests on driven piles that are generally much smaller than those used to 

support offshore structures. The published data used to develop the American 

Petroleum Institute design guidance consist of axial load tests on piles with 

capacities on the order of hundreds of kips (e.g., Olson and Dennis 1982 and 

Najjar 2005), while most pile foundations supporting jacket platforms have 

design capacities that are thousands of kips. Therefore, significant 

extrapolation is required to predict the capacities of large offshore piles from 

these data. Conservatism is potentially introduced in estimating the axial pile 

capacity in clay layers when strain softening is assumed for long offshore 

piles (strain softening would have a smaller effect on shorter piles). It is also 

potentially introduced in estimating the axial pile capacity in sand layers when 

limiting values for side shear and end bearing govern the capacity of long 

offshore piles (these limiting values would also have a smaller effect on 

shorter piles). Several sets of data published after p-y curves were developed 

for API RP 2A, including Stevens and Audibert (1979), Randolph and 
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Houlsby (1984), Murff and Hamilton (1993), and Jeanjean (2009), suggest 

that static and cyclic p-y curves for soft clays may exhibit higher stiffness and 

ultimate resistance that is at least 30 % greater than the ultimate resistance of 

the p-y curves used in design. The conservatism in design is at least partially 

motivated by the relatively large uncertainties in environmental loads and pile 

capacities and the fact that a factor of safety of only 1.5 is used to design piles 

under extreme environmental loading. 

8. Engineering Practice for Soil Layer with Thinly Interbedded Sand and Clay: 

Offshore geotechnical engineers historically recommended a design undrained 

shear strength profile for end bearing capacity calculation and a set of 

degraded design parameters of sand (K,  and flim) for side shear capacity 

calculation for a soil layer with thinly interbedded sand and clay. In reality, 

the end bearing capacity of piles tipping in this layer is probably between the 

values assuming that the piles are tipping in sand and in clay. The practice of 

assigning a design undrained shear strength profile for end bearing capacity 

calculation is conservative because the end bearing capacity of piles in sand is 

much higher than the end bearing capacity in clay. As a result, the axial 

capacity of piles in a geologic setting with a complex soil stratigraphy can be 

potentially underestimated. 

9. Design Practice for Foundation versus Structure: Typically, jacket foundations 

are designed for first pile failure. In other words, the piles are sized based on 

the most critically loaded pile. One pile design is often applied to all the piles 

supporting a jacket structure; in some cases, there may be up to two different 

pile designs for a structure. On the contrary, structural members are often 

sized separately based on the expected forces in each member considering the 
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loading on the entire structural system or, at least, more design groups are 

used for the structure than for foundation. Therefore, structural members are 

more optimized than piles and the potential design conservatism for pile 

foundations can be higher than that for jacket structures. 

 

3.4 SUMMARY 

In summary, there are numerous sources of uncertainty in estimating the 

capacities of offshore piles, and the uncertainty has led to a conservative design method. 

Factors that can reduce pile capacity are generally included in design, while factors that 

can increase pile capacity are generally neglected in design. As a result, foundation 

failure may not necessarily occur when a pile is loaded to its design capacity, particularly 

for axially loaded piles in sands and laterally loaded piles in clays. However, it would 

also be surprising if the axial or lateral capacity of a pile is much higher (e.g., more than 

two times) than the design value. 
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Chapter 4:  Case Study Platforms 

 

4.1 PLATFORM DATABASE 

A platform database was compiled in order to screen for suitable case study 

platform foundations for this research. A total of 31 platforms provided by the industry 

(e.g., Energo Engineering 2006a, 2007 and 2010, GEMS 2008, and PMB 1993 and 1995) 

and regulatory agency (the former U.S. Minerals Management Service or MMS) are 

present in this database. Platform data provided by MMS are in a confidential format 

(i.e., platform designation, location, owner or operator, and engineers and designers for 

the original construction being removed from the provided data). These platforms 

experienced hurricane forces in Andrew, Ivan, Katrina, Rita or Ike. The following 

information of each platform is summarized in the platform database (Appendix A). 

 Hurricane Exposure 

 Number of piles 

 Length of piles 

 Year of Installation 

 Age of piles 

 Soil stratigraphy including the tip bearing stratum 

 Sampling and testing methods used to develop geotechnical design 

parameters 

 Approximate water depth 

 Number of well conductors 

 Maximum wave height, an indicator of design wave height corresponding to 

the present-day sudden hurricane wave height criteria used in the ultimate 
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strength assessment for A-2 structures per Section 17 of API RP 2A (2000), 

and approximate ratio of the maximum wave height during the hurricane to 

the indicator of design wave height 

 Expected mode of failure for the piles 

The platforms included in this database are mostly 4 or 8-leg platforms. The 

length of piles ranges from 135 to 400 feet. The age of piles at the time of hurricane 

loading ranges from 5 to almost 50 years. The majority of piles are embedded in 

interbedded layers of sands and clays. The bearing stratum at the pile tips ranges from 

fine sand, silty fine sand, sandy silt to clay. The most common sampling method used in 

the subsurface explorations is the wireline percussion technique, with a thin-walled 

sampler driven by a 175-pound hammer falling approximately 5 feet. Water depth at the 

platform locations ranges from 60 to more than 1,000 feet; however, most of the 

platforms are located in a water depth less than 400 feet. The number of well conductors 

ranges from none to as many as 40. 

 

4.2 SCREENING ASSESSMENT 

A qualitative evaluation was performed to identify relevant trends for the 

performance of platforms and their foundations in severe hurricanes. It also served as a 

screening tool to identify those foundation systems that potentially experienced hurricane 

loads close to or beyond their original design capacities for detailed case studies. 

The maximum wave heights (Hmax) that occurred at the platform locations during 

the hurricanes were estimated from proprietary hindcast studies provided by MMS. The 

design wave heights for most of the older platforms are unknown because the design 

practice was not standardized until the 1970’s. Even for platforms installed after 1970’s, 
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the design wave heights are often unknown because detailed design records are lost or not 

available. In order to provide an indicator of the design wave height (Hdgn), the present-

day sudden hurricane wave height criteria (i.e., API RP 2A Section 17 A-2 criteria) used 

for the ultimate strength assessment of a low consequence/manned-evacuated platform 

were adopted to obtain an indicator of the design wave height for each platform. Because 

the base shear of a platform is approximately proportional to the square of the maximum 

wave height, (Hmax/Hdgn)
2
 was calculated for each platform to provide a rough indication 

of how much a platform was overloaded during a particular hurricane. An (Hmax/Hdgn)
2
 

value greater than 1.0 indicates that a platform is probably overloaded by the hurricane 

beyond its original design level. 

As shown in Appendix A, (Hmax/Hdgn)
2
 ranges from 0.7 to 1.6, with the majority 

having values greater than 1.0. This indicates that majority of the platforms in this 

database may have seen hurricane loads greater than their original design capacities. 

Platform foundations that unexpectedly survived the hurricane loading are of particular 

interest to this research. 

 

4.3 SELECTED CASE STUDY PLATFORM FOUNDATIONS 

Table 4.1 presents a list of platform foundations selected for detailed case studies. 

The factors considered in selecting these platform foundations include: 

 High probability of platform foundation being loaded beyond its original 

design capacity in the hurricane 

 Availability of information about how the platform and its foundation system 

performed in the hurricane (i.e., post-hurricane inspections and assessments) 

 Availability of detailed geotechnical data 
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 Availability of detailed structural drawings to develop the foundation model 

 Availability of detailed structural analysis (i.e., pushover analysis performed 

in the post-hurricane assessment) to compare with foundation analysis 

 Availability of hindcast data, such as the wave, wind and current conditions 

at the platform location to estimate the maximum base shear and overturning 

moment acting on the foundation system in the hurricane 

The greatest challenge in selecting case study platform foundations was the 

availability of information about how they performed in the hurricanes. Unfortunately, 

this information is not available for platforms that were destroyed because detailed post-

hurricane inspections and assessments were often not conducted for destroyed platforms. 

Consequently, little if any information was available about how a platform failed, such as 

in the foundation or in the jacket, for platforms that were destroyed. As a result, the focus 

of this research is on platform foundations that were loaded heavily by and survived the 

hurricane. Additionally, the availability of geotechnical, structural and hindcast 

information also dictated whether a platform foundation was selected for a detailed case 

study. 

The information of case study platform foundations (Table 4.1) was obtained 

almost entirely from the industry (e.g., Energo 2006, 2007 and 2010, and GEMS 2008). 

These platform foundations experienced either Katrina or Rita in 2005 or Ike in 2008. 

They are mostly 4-leg platforms with some 3, 6 and 8-leg platforms. Most of them are 

older platforms installed in the 1960’s and 1970’s; few of them were installed in the last 

two decades. The pile foundations of these platforms are mostly tipping in the sand layers 

(e.g., sandy silt, silty fine sand, fine sand and sand), with a few of them tipping in the clay 

layers (e.g., clay, silty clay and interbedded clay and silty fine sand). These platforms are 

located in relatively shallow waters with a maximum water depth of approximately 360 
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feet. Most of them are equipped with well conductors ranging from one large (72-inch 

diameter) conductor to 18 smaller conductors with a diameter between 20 and 30 inches. 

One 4-pile platform has no conductors. 
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Table 4.1: Summary of Selected Case Study Platform Foundations. 

Platform 

Database 
No. 

Hurricane 

Exposure  

Number 

of Piles 

Length 

of Piles 
(ft) 

Year of 

Installation 

Age 

of 
Piles 

Soil Stratigraphy 
Tip Bearing 

Stratum 

Approx. 
Water 

Depth 

(ft) 

Number of 

Well 
Conductors 

1 Katrina 8 135 1965 40 

Stratum 1: very soft to firm clay (90')                    

Stratum 2: fine sand (12')                             

Stratum 3: firm clay (12')                          
Stratum 4: interbedded sandy silt and 

firm silty clay (19')                                                         

Stratum 5: sandy silt (10')                                        
Stratum 6: silty fine sand (10') 

Stratum 5: 

sandy silt 
140 18 

2 Katrina 6 140 1966 39 

Stratum 1: very soft to firm clay (90')                    

Stratum 2: fine sand (12')                                 

Stratum 3: firm clay (12')                          
Stratum 4: interbedded sandy silt and 

firm silty clay (19')                                                            

Stratum 5: sandy silt (10')                                        
Stratum 6: silty fine sand (10') 

Stratum 5: 

sandy silt 
140 12 

8 Katrina 4 274 1984 21 

Stratum 1: very soft to soft clay (30')               
Stratum 2: silty fine to fine sand (56')                  

Stratum 3: interbedded firm to stiff clay 

and fine to silty fine sand (37')                                  
Stratum 4: firm to very stiff clay (56')                  

Stratum 5: silty fine sand (101')                     

Stratum 6: very stiff clay (52') 

Stratum 5: 

silty fine 
sand 

220 12 

9 Katrina 4 118 1989 16 

Stratum1: silty fine sand (5')                     

Stratum 2: firm clay (20')                         

Stratum 3: silty fine sand (11')                           
Stratum 4: fine sand (71')                               

Stratum 5: interbedded very stiff clay 

and silty fine sand (44')                                                      
Stratum 6: fine sand (50') 

Stratum 5: 
interbedded 

very stiff 

clay and 
silty fine 

sand 

60 1 

10 Ike 3 
220/ 

265 
2003 7 

Stratum1: very soft clay (11')                     

Stratum 2: soft to hard clay (337') 

Stratum 2: 

very stiff 

clay 

360 1 
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Table 4.1: Summary of Selected Case Study Platform Foundations (continued). 

Platform 

Database 
No. 

Hurricane 

Exposure  

Number 

of Piles 

Length 
of 

Piles 

(ft) 

Year of 

Installation 

Age 

of 
Piles 

Soil Stratigraphy 

Tip 

Bearing 
Stratum 

Approx. 
Water 

Depth 

(ft) 

Number of 

Well 
Conductors 

11 Katrina 4 
239/ 

309 
2000 5 

Stratum 1: fine sand (9')                                       

Stratum 2: soft to firm clay (27')                    
Stratum 3: fine sand (64')                            

Stratum 4: stiff clay (8')                                    

Stratum 5: fine sand (9')                                
Stratum 6: stiff to very stiff clay (6.5')                   

Stratum 7: silty fine to fine sand (13.5')                 

Stratum 8: stiff to very stiff clay (71')                      
Stratum 9: silty fine to fine sand (73')                 

Stratum 10: very stiff silty clay (7')                                 

Stratum 11: fine sand (27') 

Stratum 

9: silty 
fine to 

fine 

sand/ 
Stratum 

11: fine 

sand 

120 4 

12 Rita 4 255 1972 33 

Stratum 1: stiff to firm clay (37.5')                       
Stratum 2: medium dense silty fine sand 

grading to clay silt below 56' (34.5)                        
Stratum 3: stiff to very stiff clay (144')              

Stratum 4: very dense (silty) fine sand (100')                     

Stratum 5: very stiff clay (25')                   
Stratum 6: very dense sandy silt (15')                         

Stratum 7: very stiff clay (N/A) 

Stratum 

4: very 
dense 

(silty) 

fine 
sand 

190 12 

22 Rita 4 290 1976 29 

Stratum 1: very soft to firm clay (106')                   

Stratum 2: silty fine sand (21')                        
Stratum 3: stiff clay (13.5')                               

Stratum 4: silty fine sand (27.5')                   

Stratum 5: stiff clay (49.5')                             
Stratum 6: laminated stiff clay and silty fine 

sand (27.5')                                                          

Stratum 7: silty fine sand (26')                                    
Stratum 8: firm to stiff silty clay (69') 

Stratum 

8: firm 

to stiff 
silty 

clay 

110 0 

25 Katrina 4 169 1967 38 

Stratum 1: firm clay (5')                              
Stratum 2: medium dense silty fine sand (12')           

Stratum 3: firm to very stiff clay (146')                 

Stratum 4: dense fine sand (>43') 

Stratum 

4: 

dense 
fine 

sand 

90 4 

27 Rita 4 
264/ 

281 
2000 5 

Stratum 1: very soft clay (14')                     
Stratum 2: firm to stiff clay (86')                      

Stratum 3: medium dense sand (15')         

Stratum 4: very stiff clay (>185') 

Stratum 
4: very 

stiff 

clay 

300 2 

29 Katrina 8 140 1967 38 

Stratum 1: very soft to firm clay (75')                 
Stratum 2: dense to very dense sand (80')                    

Stratum 3: silty clay (5.5')                               

Stratum 4: dense to very dense sand (N/A) 

Stratum 

2: 
dense 

to very 

dense 
sand 

150 12 

30 Katrina 6 210 1973 32 

Stratum 1: very soft to firm clay (75')               
Stratum 2: dense to very dense sand (80')                    

Stratum 3: silty clay (5.5')                              

Stratum 4: dense to very dense sand (N/A) 

Stratum 

4: 
dense 

to very 

dense 
sand 

150 12 
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Table 4.1: Summary of Selected Case Study Platform Foundations (continued). 

Platform 

Database 
No. 

Hurricane 

Exposure 

Number 

of Piles 

Length 
of 

Piles 

(ft) 

Year of 

Installation 

Age 

of 
Piles 

Soil Stratigraphy 

Tip 

Bearing 
Stratum 

Approx. 
Water 

Depth 

(ft) 

Number of 

Well 
Conductors 

31 Ike 8 180 1970 38 

Stratum 1: soft to stiff clay (160')               

Stratum 2: medium dense to very dense sand 
(28')                             

Stratum 3: firm to stiff clay (30')                              

Stratum 4: medium dense to very dense sand 
(22')                                       

Stratum 5: stiff to very stiff clay (110')                              

Stratum 6: medium dense to very dense silt 
(50') 

Stratum 
2: 

medium 

dense 
to very 

dense 

sand 

100 0 
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Chapter 5:  Structural and Foundation Models for Case Studies 

 

5.1 INTRODUCTION 

The objectives in the case study are to estimate the capacity of the foundation 

system and compare it with the maximum hurricane load on the foundation system. Two 

models were used to estimate the capacity of the foundation system in this research. The 

first model is a simplified foundation collapse model based on the upper-bound plasticity 

theory (Murff and Wesselink 1986, Murff 1987, Tang and Gilbert 1992, Murff 1999, and 

Chen et al. 2009b and 2010a). This model is used in all case studies. The second model is 

a three-dimensional (3-D) structural model (SACS) based on the finite element method 

(FEM). This model was used to perform pushover analyses for several platforms to 

estimate the capacity of the structural system including the foundation. The 3-D model 

was also used to estimate the maximum hurricane load on the platform structure and its 

foundation system according to the hindcast wave, wind and current conditions in the 

hurricane. 

An overview of these models is presented in this chapter; detailed descriptions of 

the two models can be found in the appendices of two project reports (Chen et al. 2009b 

and 2010a). Platform 22 is used throughout this chapter to illustrate the models and 

explain the analyses. Results from the two models are compared and discussed at the end 

of this chapter. 

The potential failure mechanism of a foundation system is an important 

consideration for its performance. This chapter also discusses various failure mechanisms 

of a foundation system, which become apparent in the foundation collapse analysis, and 

important factors contributing to its performance in these failure mechanisms. 
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Note that this chapter is derived and expanded from Chen et al. (2009b and 

2010a). While the author is the first author of these project reports, contributions from the 

co-authors to the content presented herein are explicitly acknowledged. Specifically, most 

of the analyses used to illustrate and compare the two models were performed by Materek 

(2009) and Carpenter (2009). Their assistance in this research has been instrumental. 

 

5.2 3-D STRUCTURAL MODEL 

A software package called SACS was used to perform 3-D FEM analyses of 

selected case study platforms in this research. SACS™ was developed by Engineering 

Dynamics, Inc. for use in the analyses of offshore structures and general civil engineering 

applications (Engineering Dynamics, Inc. 2005). Use of this software was donated in-

kind to this research by Engineering Dynamics, Inc. The inputs to this model are the 

structural properties of all members and connections of the jacket structure including the 

piles, the behavior of the soil surrounding the piles (i.e., t-z and p-y curves as a function 

of depth along each pile and a Q-z curve at the pile tip), and environmental loads 

including the magnitude and direction of waves, winds and currents. The primary output 

from this model includes the total load on the structure, typically expressed as a base 

shear, the displacement of the deck, and the forces, moments and deformations in 

individual members. Details of this model are presented in Engineering Dynamics, Inc. 

(2005). 

To illustrate, the structural model of Platform 22 developed using SACS™ is 

presented in Figure 5.1 and geotechnical design parameters used to estimate pile 

capacities and establish t-z, Q-z and p-y curves are shown in Figures 5.2 and 5.3. 
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Figure 5.1: SACS™ Model for Platform 22 (after Energo Engineering 2006b). 

The results of the pushover analysis to estimate the ultimate capacity of Platform 

22 are summarized in Table 5.1 and presented in Figure 5.4. This analysis corresponds to 

hurricane forces loading the platform in the end-on direction, which is approximately the 

direction of the largest waves in Hurricane Rita. In the analysis, the total force on the 

structure from the combination of waves, winds and currents was increased incrementally 

using a load factor to develop the relationship between deck displacement and base shear 

(i.e., the total horizontal force acting at the mudline). One challenge in the pushover 

analysis is to select a base case environmental load (i.e., the environmental load at a load 

factor of 1.0) such that the platform is on the verge of failure. Usually, the base case 

 

End-on 

Direction 
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environmental load for a pushover analysis performed in the post-hurricane assessment 

corresponds to the maximum hindcast force on the structure in the hurricane. The results 

from the pushover analysis of Platform 22 indicate that its capacity is reached at a load 

factor of 1.06 with a deck displacement of 35 inches, a base shear of nearly 3,000 kips 

and an overturning moment of 334,000 ft-kips. The failure in the pushover analysis is 

attributed to an axial failure of the piles, which consequently causes the entire platform to 

collapse. Specifically, Piles B1 and B2 (Figure 5.1) plunged and Piles A1 and A2 pulled 

out as the load was increased further. 

 

 

Figure 5.2: Design Shear Strength Profile and Parameters for Platform 22 (McClelland 

Engineers, Inc. 1981). 
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Figure 5.3: Design Submerged Unit Weight Profile for Platform 22 (McClelland 

Engineers, Inc. 1981). 

Table 5.1: Output from Pushover Analysis of Platform 22 in End-on Direction. 

Load 

Step 

Load 

Factor 

Deck 

Displacement (in.) 

Base Shear 

(kips) 

Overturning 

Moment (ft-kips) 

1 0 0.0  0  0  

5 0.15 3.4  422  47293  

10 0.3 6.8  844  94586  

15 0.41 9.4  1153  129267  

20 0.51 12.3  1434  160796  

25 0.62 15.4  1743  195477  

30 0.72 18.9  2025  227006  

35 0.83 22.7  2334  261687  

40 0.93 25.9  2615  293216  

45 1.04 30.1  2924  327898  

46 1.06 35.1  2981  334203  
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Figure 5.4: Base Shear versus Deck Displacement from Pushover Analysis of Platform 

22 in End-on Direction. 

SACS™ was also used to estimate the maximum hurricane load on the foundation 

of Platform 22 in the end-on direction based on hindcast wave, wind and current 

conditions in Hurricane Rita. This load was estimated using the SACS IV module with 

the SEASTATE and PSI modules in SACS™ (Engineering Dynamics, Inc. 2005). The 

environmental loading parameters from a proprietary hindcast study of Hurricane Rita 

were entered into the SEASTATE module. Each environmental load has a set of input 

parameters to be specified. For the waves, the maximum wave height, wave period and 

direction are required. The wind and current are both defined in terms of their velocity 

and direction. In order to account for the worst-case scenario where the waves, winds and 

currents all approach the structure from the same direction, the environmental load 

parameters are defined in the same direction (usually the direction of the largest waves 
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because the loading direction is typically dominated by the direction of the waves in a 

hurricane). 

To illustrate, the environmental loading parameters used to develop the hindcast 

base shear and overturning moment on the foundation of Platform 22 are presented in 

Table 5.2. Since the direction of the waves is approximately the end-on direction of this 

platform (Figure 5.1), all environmental loading parameters in Table 5.2 were defined in 

this direction. 

Table 5.2: Environmental Loading Parameters for Hindcast Analysis of Platform 22. 

Wave 

Height 

(ft) 

Wave 

Period 

(sec) 

Wind 

Speed 

(knots) 

Current 

Velocity 

(knots) 

Vertical 

Load  

(kips) 

Base 

Shear 

(kips) 

Overturning 

Moment  

(ft-kips) 

57 12.5 70 1.8 2974 2812 315286 

 

Once environmental loading parameters were defined, a “Linear Static Analysis 

with Pile Soil Interaction” was performed to determine the hindcast base shear and 

overturning moment. In this analysis, the wave, wind and current conditions were 

propagated through the 3-D model in several time steps to determine the drag forces on 

individual members and the resultant force on the entire structure. The maximum 

resultant force from all time steps can be resolved at a location on the mudline that is 

directly below the defined structural origin in the 3-D model. When the projection of the 

structural origin on the mudline is coincident with the line of vertical force (this line goes 

through or near the center of the foundation system for most orthogonal foundation 

systems), the resolved forces can be used directly to calculate the hindcast base shear (PH) 

and overturning moment (M) on the foundation system because the vertical force does 

not contribute to overturning moment in this case. These forces are reported in 6 degrees 
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of freedom (i.e., Fx, Fy, Fz, Mx, My, Mz), where the x and y-directions are the two 

horizontal directions and the z-direction is the vertical direction. Equations 5.1 and 5.2 

are used for this calculation. 

 

   √               (5.1) 

  √  
    

         (5.2) 

 

To illustrate, the hindcast forces on the center of the foundation system of 

Platform 22 are summarized in Table 5.3. This hindcast analysis consists of two load 

cases; load case 1 corresponds to dead load and buoyancy and load case 2 corresponds to 

environmental loads on the structure. The results indicate that the platform foundation 

experienced a base shear of approximately 2,800 kips (using Equation 5.1) and an 

overturning moment of approximately 315,000 ft-kips (using Equation 5.2), which are 

consistent with the results presented in Table 5.2. As shown in Figure 5.4, the hindcast 

base shear is slightly less than the estimated base shear capacity of Platform 22. The 

foundation of this platform survived the hurricane loading, while three structural 

members in the jacket were damaged in the hurricane. These damaged members are 

highlighted using red color in Figure 5.1. 

Table 5.3: Hindcast Forces at Center of Foundation System of Platform 22 

Load 

Case 

Load 

Label 

Fx 

(kips) 

Fy 

(kips) 

Fz 

(kips) 

Mx    

(ft-kips) 

My   

(ft-kips) 

Mz   

(ft-kips) 

Dead Load 

(kips) 

Buoyancy 

(kips) 

1 100 0  0  -2938  791  -1169  0  1345  407  

2 103 -3  2812  -36  -316073  -409  -3508  0  0  

Combined Effect of 

Two Load Cases -3  2812  -2974  -315282  -1578  -3508  1345  407  
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5.2 SIMPLIFIED FOUNDATION COLLAPSE MODEL 

Figure 5.5 presents a schematic of the simplified foundation collapse model used 

in every case study. This model was originally developed by Tang and Gilbert (1992), 

based on the model developed by Murff and Wesselink (1986). Prof. Gilbert and the 

author extended the model to capture the contribution of well conductors and jacket leg 

stubs to foundation system capacity (Chen et al. 2009b and 2010a). Additionally, the 

model now inputs axial and lateral soil capacities from a custom-built spreadsheet 

developed by the author. This spreadsheet generates axial and lateral soil capacities 

versus pile penetration based on the API RP 2A design guidance for sands and clays. As 

a result, multiple soil layers with interbedded sands and clays can now be modeled. The 

model also inputs structural capacities of the piles and well conductors from another 

custom-built spreadsheet, which allows multiple pile or conductor sections to be 

modeled. These modifications make the model more flexible and allow parametric 

analyses to be performed more efficiently. This section provides an overview of the 

simplified foundation collapse model, while details and a user’s guide of this model are 

presented in Appendix B. 

 

 

Figure 5.5: Schematic of Simplified Foundation Collapse Model. 
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The simplified foundation collapse model assumes a plastic collapse mechanism, 

where all elements of resistance are characterized as rigid and perfectly plastic. This 

model incorporates both structural capacities of piles and well conductors and axial and 

lateral capacities of soils. The piles and wells in the system collapse when one hinge 

forms at the head, where it is constrained by the bottom of the jacket leg for a pile or the 

bottom row of conductor guide framing for a well, and a second hinge forms at some 

depth below the head (Figure 5.5). The collapse of the entire system occurs when two 

hinges form in each of the piles and wells in the system due to the translation and rotation 

of the platform base. The structure supported by the piles is assumed to be perfectly rigid 

and infinitely strong so that it will not fail and can distribute the load as necessary to 

develop a full foundation collapse mechanism. Well conductors are modeled as piles that 

are connected to the structure with rollers so that they can only be loaded horizontally 

and provide their lateral capacities to the foundation system. The solution provides an 

upper-bound approximation to foundation system capacity because it does not explicitly 

satisfy force and moment equilibrium. The best upper-bound solution, hereinafter 

designated as the solution, is the mechanism that incorporates a combination of base 

translation and rotation that gives the minimum system capacity. 

Inputs to the model are the loads on the foundation system (Figure 5.6), the 

geometry of the piles and conductors including locations and batters, the axial and lateral 

soil resistance versus depth for each pile and conductor, and the structural capacity of 

each pile and conductor. Note that the coordinates of pile heads are defined relative to the 

origin in the foundation model, where vertical force is applied. The vertical forces and, 

therefore, the origins of most orthogonal foundation systems (e.g., 4-pile, 6-pile and 8-

pile foundation systems in a square or rectangular layout) are at the geometric centers of 

the foundation system (i.e., pile heads). 
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The critical horizontal collapse load (i.e., base shear or PH) of the foundation 

system at a specified moment arm above the mudline (h) is determined by varying the 

horizontal load such that the external work applied by the system load is equal to the 

internal work associated with the system capacity. A relationship between base shear (PH) 

and overturning moment (M) can be developed from the combinations of the critical 

collapse load and its moment arm. 

Figure 5.7 presents a schematic of a foundation system capacity interaction 

diagram. The interaction curve is an envelope; for hurricane loads located within the 

envelope, the foundation system is expected to be stable; otherwise, it is expected to fail. 

The potential failure mechanism depends on the location of the environmental loads. In 

the shear failure mechanism, the environmental loads are applied relatively close to the 

mudline (i.e., with a small moment arm) whereas in the overturning failure mechanism, 

they are applied at a higher elevation (i.e., with a large moment arm). These distinct 

regions of foundation system behavior are shown in the interaction diagram (Figure 5.7). 

In the shear failure mechanism, lateral soil capacities acting on the piles and conductors 

contribute mostly to foundation system capacity. In the overturning failure mechanism, 

the contribution from axial soil capacities acting on the piles dominates. The failure can 

also be dominated by a combination of shear and overturning, where both axial and 

lateral soil capacities contribute to foundation system capacity. Structural capacities of 

piles and conductors also contribute to the foundation system capacity in both shear and 

overturning failure mechanisms; specifically, moment capacities of piles and conductors 

contribute to the overturning capacity of the foundation system and shear capacities of 

piles and conductors contribute to the shear capacity of the foundation system. In the 

shear failure mechanism, the base shear increases with increasing overturning moment 

because of pile batters. 
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Figure 5.6: System Load Parameters for Simplified Foundation Collapse Model (after 

Tang and Gilbert 1992). 

To illustrate, Figure 5.8 presents the upper-bound foundation system capacity 

interaction curve of Platform 22 in the end-on direction. This platform has four legs, each 

supported by a 42-inch diameter pile battered in two directions. Comparisons between the 

upper-bound solutions and results from more rigorous, 3-D, pushover analyses of jacket 

structures indicate that the upper-bound model overestimates the base shear and 

overturning moment causing foundation failure by approximately 10 % (Murff and 

Wesselink 1986 and Chen et al. 2009b). As such, the upper-bound capacity was reduced 

by 10 % to obtain the “expected” foundation system capacity; this approach was adopted 

in all subsequent case studies. For Platform 22, the pushover failure load matches up very 
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well with the expected foundation system capacity interaction curve (Figure 5.8) because 

the pushover failure in the 3-D model is dominated by foundation failures (i.e., piles 

plunging and pulling out). 

 

 

Figure 5.7: Schematic of Foundation System Capacity Interaction Diagram. 

The maximum load in Hurricane Rita is within the envelope representing the 

expected foundation system capacity (Figure 5.8). The foundation system is, therefore, 

expected to survive the loading in Hurricane Rita, which agrees with the prediction 

according to the 3-D pushover analysis. The potential foundation failure mechanism of 

Platform 22, as shown in Figure 5.8, is a combined shear and overturning failure 

mechanism, which also agrees with the results from the 3-D pushover analysis (i.e., 

pushover failure due to piles plunging and pulling out). 
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Figure 5.8: Upper-Bound and Expected Foundation System Capacities of Platform 22 in 

End-on Direction. 

 

5.3 COMPARISON OF RESULTS FROM STRUCTURAL AND FOUNDATION MODELS 

The objectives of case studies are to estimate the capacity of the foundation 

system and compare it to the hurricane load on the foundation. Naturally, the simplified 

foundation collapse model is chosen to estimate the capacity of the foundation system in 

order to minimize other complicating factors that might affect the estimated foundation 

capacity (e.g., failures of structural members prior to foundation failure affecting the 

pushover capacity from the 3-D model). Additionally, the simplified foundation model is 

simple and yet able to capture important factors that influence foundation system 

capacity. However, the simplified foundation model is only useful if it provides a 
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reasonable estimate of the foundation system capacity. This section summarizes 

comparisons of the results from the simplified foundation model and those from more 

rigorous 3-D FEM model. 

The foundation system capacity interaction curve represents the foundation 

capacities corresponding to all possible environmental loading profiles (from a small 

moment arm to a large moment arm). On the contrary, a pushover analysis is typically 

performed based on a given environmental loading profile and scaling this profile using a 

series of increasing load factors until the platform collapses. As a result, the moment arm 

for the environmental load does not change during a pushover analysis. The only thing 

that changes is the magnitude of the environmental load. Hence, the pushover failure load 

is comparable to a point on the foundation system capacity interaction curve. 

Platform 22 provides a convenient basis for comparison because it is a simple 

structure with 4 piles and no conductors. The results from the two models are compared 

in Figure 5.9. The expected foundation system capacity (after reducing the upper-bound 

capacity by 10 %) matches up reasonably well with the “pushover failure load using the 

design jacket” in Figure 5.9. In the pushover analysis, several joints in the jacket started 

to fail before the full foundation system capacity was reached. The damaged structure 

was not able to redistribute load as effectively as the intact structure to mobilize the full 

foundation system capacity. In order to investigate this possibility, the pushover analysis 

was repeated by increasing the yield stress of the members and joints in the jacket so that 

they do not fail before the foundation; this result is labeled as “pushover failure load 

using a strengthened jacket” in Figure 5.9. The results from the pushover analysis of the 

strengthened jacket and the simplified foundation collapse analysis are nearly identical 

because both of them represent foundation system capacity. 
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Figure 5.9: Comparison of Foundation System Capacity and Pushover Failure Loads for 

Platform 22 in End-on Direction. 

Platform 10 also provides a helpful basis for comparison of the two models since 

it only has a small conductor and the failure mechanism is overturning. The capacity 

interaction curves for this 3-pile foundation system are shown in Figure 5.10. One 

interesting feature of this analysis is that the axial side shear capacity of the piles depends 

on the relative displacement between the pile and soil because the piles are embedded in 

marine clays that exhibit strain softening in mobilized side shear. The displacement is 

accounted for explicitly with t-z curves in the pushover analysis. However, in the 

simplified foundation collapse analysis, a governing value of side shear at failure is 

assumed. Two foundation system capacity interaction curves are shown in Figure 5.10, 

one assuming peak side shear and the other assuming residual side shear over the entire 

length of the piles. This comparison indicates that the pushover capacity is between the 
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peak and residual foundation system capacities (Figure 5.10), which is expected because 

peak side shear cannot be mobilized simultaneously along the entire length of long, 

flexible piles in marine clays and residual side shear mobilizing along the entire length of 

piles represent the residual (or lowest) foundation system capacity at very large 

displacements. 

 

 

Figure 5.10: Comparison of Foundation System Capacities assuming Peak Side Shear 

and Residual Side Shear and Pushover Failure Load for Platform 10 in 

Hurricane Ike Loading Direction. 
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of results from the simplified foundation model and 3-D FEM model are shown in 

Figures 5.11, 5.12 and 5.13 for Platforms 12, 1 and 9, respectively. 

For Platform 12, a pair of results is shown where the effect of conductors is 

included and excluded in the simplified foundation model as well as the 3-D FEM model. 

The failure mechanism for the foundation system is shear, where lateral capacities of the 

conductors contribute significantly to the shear capacity of the foundation system (Figure 

5.11). The simplified foundation model provides a very good estimate of foundation 

system capacities including and excluding the effect of conductors and is able to account 

for the contribution of conductors reasonably well (Figure 5.11). 

 

 

Figure 5.11: Comparison of Foundation System Capacities and Pushover Failure Loads 

of Platform 12 in End-on Direction including and excluding Effect of 

Conductors. 
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For Platforms 1 and 9, the pushover capacity including the effect of conductors is 

greater than the capacity from the simplified foundation model if conductors have no 

contribution but less than the capacity when conductors provide their full contribution 

(Figures 5.12 and 5.13). In these cases, the full capacity of the conductors was not 

realized at the deck displacement corresponding to failure in the pushover analysis. 

Platform 9 is of particular interest because it has one large (i.e., 72-inch diameter) 

conductor that contributes significantly to both shear and overturning capacities of the 

foundation system. The plastic moment capacity of this large conductor contributes 

noticeably to the overturning capacity of this foundation. 

 

 

Figure 5.12: Comparison of Foundation System Capacities including and excluding 

Effect of Conductors and Pushover Failure Load of Platform 1 in End-on 

Direction. 
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5.4 RELATIVE SENSITIVITY OF FOUNDATION SYSTEM CAPACITY TO VARIOUS 

FACTORS IN SHEAR VERSUS OVERTURNING FAILURE MECHANISM 

As discussed in Section 5.2, lateral and axial soil capacities contribute to the shear 

and overturning capacities of a foundation system, respectively. Similarly, the shear and 

moment capacities of piles and conductors contribute to the shear and overturning 

capacities of a foundation system, respectively. Hence, the foundation system capacity is 

sensitive to different factors in different failure mechanisms. 

 

 

Figure 5.13: Comparison of Foundation System Capacities including and excluding 

Effect of Conductor and Pushover Failure Load of Platform 9 in End-on 

Direction. 
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Table 5.4 summarizes the relatively sensitivity of foundation system capacity to 

various factors in shear and overturning-dominated failure mechanisms. To illustrate, 

Figure 5.14 shows the results of a sensitivity analysis for the foundation system 

supporting Platform 1. This foundation system consists of 8 piles and 18 conductors. In 

this analysis, the axial and lateral soil capacities were increased by 50 %, separately. 

Increasing axial soil capacity by 50 % resulted in a relatively proportional increase in the 

overturning capacity of the foundation system. However, increasing lateral soil capacity 

by 50 % had only a small impact on the shear capacity of the foundation system; the 

shear capacity only increased by about 15 %. Both axial and lateral soil capacities are 

functions of the shear strength of soils. This comparison shows that foundation system 

capacity is more sensitive to the shear strength of soils in an overturning-dominated 

failure mechanism than in a shear-dominated failure mechanism (Table 5.4). 

Table 5.4: Relative Sensitivity of Foundation System Capacity to Various Factors in 

Shear and Overturning-Dominated Failure Mechanisms. 

Factors 
Shear-Dominated 

Failure Mechanism 

Overturning-Dominated 

Failure Mechanism 

Soil Shear Strength 

Insensitive Sensitive Axial Pile Flexibility 

Pile System Effects 

Steel Yield Stress 

Sensitive Insensitive Well Conductors 

Jacket Leg Stubs 

 

Another sensitivity analysis was performed where the yield stress of piles and 

conductors was increased by 15 % to account for the fact that the actual yield stress of 

steel tubular members used in offshore construction may be higher than their nominal 

value by about 15 % on average (Energo Engineering 2009a). Figure 5.15 shows that 

increasing the yield stress of piles and conductors by 15 % had nearly the same effect on 
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the shear capacity of the foundation system as increasing lateral soil capacity by 50 %. In 

other words, the yield stress of piles and conductors is about three times more influential 

than the shear strength of soils on the shear capacity of the foundation system. Therefore, 

the shear capacity of a foundation system is more sensitive to the yield stress of steel than 

to the shear strength of soils (Table 5.4). 

 

 

Figure 5.14: Effects of Increasing Axial and Lateral Soil Capacities by 50 % on 

Foundation System Capacity of Platform 1 in End-on Direction. 
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the capacity is not sensitive to the shear strength of soils but to other factors, such as the 

yield stress of steel and the presence of well conductors and jacket leg stubs that 

penetrate below the seafloor (Table 5.4). 

 

 

Figure 5.15: Effects of Soil Shear Strength and Steel Yield Stress on Foundation Shear 

Capacity of Platform 1 in End-on Direction. 

Another interesting observation is that only one out of the six factors shown in 

Table 5.4 is related to soils; others are related to the structure. The effects of structural 

factors on foundation system capacity are discussed in details in Chapter 7. 

 

0

1000

2000

3000

4000

5000

0.0E+00 1.0E+05 2.0E+05 3.0E+05 4.0E+05

B
a
se

 S
h

ea
r 

(k
ip

s)

Overturning Moment (ft-kips)

Base Case 
Foundation 

System Capacity

Lateral Soil Capacity 
Increased by 50 %

Steel Yield Stress 
Increased by 15 %



 65 

5.5 SUMMARY 

In summary, a 3-D structural model based on the FEM and a simplified 

foundation collapse model based on the upper-bound plasticity theory were adopted to 

perform case studies in this research to estimate the capacity of the foundation system 

and compare it to the hurricane load on the foundation. Foundation capacities from the 3-

D model and simplified foundation model compare reasonably well (Figures 5.9 to 5.13). 

The simplified foundation collapse model was chosen to estimate the foundation system 

capacity for all case study platforms due to its simplicity, while the 3-D model was used 

mainly to estimate the hurricane load on the foundation system. 

Care should be taken to ensure that the pushover failure in the 3-D model is 

caused by foundation failure (not in the jacket structure) to obtain foundation system 

capacity from the pushover analysis. Foundation system capacity also depends on the 

displacements of the jacket structure and its foundation to mobilize, which are not 

account for in the simplified foundation collapse model. A set of capacity interaction 

curves, one assuming peak side shear and the other assuming residual side shear along 

the entire length of the piles, provide bounds on the actual capacity of the foundation 

system in an overturning-dominated failure (Figure 5.10). Similarly, a set of capacity 

interaction curves, one including and the other excluding the effect of conductors, 

provide bounds on the actual capacity of the foundation system in both shear and 

overturning-dominated failures (Figures 5.11 to 5.13). The actual foundation system 

capacity is probably closer to the capacity interaction curve including the maximum 

effect of conductors than the one neglecting the effect of conductors. 

The simplified foundation collapse model produces a foundation system capacity 

interaction curve, which provides insights to foundation capacities in different failure 

mechanisms. This chapter also summarizes the relatively sensitivity of foundation system 
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capacity to several factors in shear and overturning-dominated failure mechanisms. One 

significant observation is that structural factors seem to be more important than 

geotechnical factors in shear-dominated failures while geotechnical and structural factors 

are equally important in overturning-dominated failures. Structural engineers sometimes 

needed to increase the shear strength of soils by a factor of two or more to explain the 

survivals of foundations in hurricanes; these are most likely cases where foundation 

capacities are not sensitive to geotechnical factors, such as soil stratigraphy and shear 

strength, but more sensitive to structural factors, as discussed in Chapter 7. 
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Chapter 6:  Comparison of Observed and Predicted Performance of 

Jacket Pile Foundation Systems 

 

6.1 INTRODUCTION 

This chapter presents case studies of 13 platform foundations that were loaded by 

Hurricanes Katrina, Rita and Ike (Table 4.1). Their predicted performance was compared 

to the observed performance. Several categories were developed to summarize the 

performance of these platform foundations. Note that this chapter is derived and 

expanded from Chen et al. (2009b and 2010a) and Gilbert et al. (2010). While the author 

is the first author of the first two project reports, contributions from the co-authors to the 

content presented herein are explicitly acknowledged. Prof. Gilbert drafted the award-

winning Offshore Technology Conference paper and his contribution to the comparison 

of predicted and observed performance of jacket foundation systems is recognized. 

In predicting foundation performance, the hurricane load on the foundation 

system was developed based on proprietary hindcast data using the 3-D model. 

Hydrodynamic forces on well conductors are included in the estimated hurricane load. 

Foundation system capacity was developed using the simplified foundation collapse 

model. The state of practice for platform assessments in the United States was followed 

in developing foundation system capacity. This state of practice is summarized below. 

 Site-specific or nearest available soil borings and geotechnical design 

profiles are used. 

 Design guidance recommended by American Petroleum Institute (2000) is 

followed to develop the axial capacity of piles and lateral capacities of piles 

and conductors. 
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 The fully enclosed pile tip area is used to calculate the end bearing capacity 

of piles (i.e., soil plugs are assumed after soil has set up around and inside 

the piles). 

 Reverse end bearing for piles loaded in tension is neglected. 

 Piles are assumed to be driven unplugged and, therefore, an earth pressure 

coefficient (K) of 0.8 is used to calculate the side shear capacity for piles in 

sands. 

 Strain softening for side shear capacity in clays is modeled with a residual-

to-peak side shear ratio of 0.8. 

 Increase in axial capacity due to strain rate effect is assumed to be 

compensated by the effect of cyclic degradation. 

 Lateral soil resistance represented by cyclic p-y curves is used. 

 Nominal yield stress of steel is assumed for piles and conductor casings. 

 The effect of jacket leg stubs penetrating below the seafloor is neglected. 

 The contribution of well conductors to foundation system capacity is 

included. 

The observed performance was obtained from post-hurricane inspections of 

platforms, required by the regulatory agency (formerly, U.S. Minerals Management 

Service), or various engineering studies (e.g., Energo Engineering 2007 and 2010). 

Platform performance was usually classified as destroyed (or failure), damaged or 

survival. One challenge is that the performance of pile foundations is difficult to verify 

because they cannot be inspected visually, even with underwater inspections. Other 

means are required to identify foundation failure (e.g., excessive rotation of the platform 

structure, which is not caused by structural failure or damage). 
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6.2 FOUNDATION FAILURE NOT PREDICTED OR OBSERVED 

Foundation failure was not predicted or observed for Platforms 8, 22, 25, 29 and 

27. Even excluding the contribution of well conductors, the foundation system capacity is 

still higher than the maximum hurricane load on the foundation systems of these 

platforms. The foundation system capacity interaction diagrams for these platforms are 

presented in Figures 6.1 to 6.5. The dominant foundation failure mechanism for Platform 

8 is overturning, for Platform 27 is shear, and for Platforms 22, 25 and 29 is combined 

shear and overturning. These platforms were selected because they seemed to have high 

potential for the hurricane load to exceed the foundation system capacity. However, a 

detailed analysis indicates that the maximum hurricane load is actually less than the 

foundation system capacity. 

 

 

Figure 6.1: Comparison of Maximum Hurricane Load in Katrina and Foundation 

System Capacity of Platform 8 in Diagonal Direction. 
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Figure 6.2: Comparison of Maximum Hurricane Load in Rita and Foundation System 

Capacity of Platform 22 in End-on Direction. 

 

Figure 6.3: Comparison of Maximum Hurricane Load in Katrina and Foundation 

System Capacity of Platform 25 in End-on Direction. 
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Figure 6.4: Comparison of Maximum Hurricane Load in Katrina and Foundation 

System Capacity of Platform 29 in Diagonal Direction. 

 

Figure 6.5: Comparison of Maximum Hurricane Load in Rita and Foundation System 

Capacity of Platform 27 in End-on Direction. 

0

1000

2000

3000

4000

5000

6000

0.0E+00 2.0E+05 4.0E+05 6.0E+05 8.0E+05

B
a

se
 S

h
ea

r 
(k

ip
s)

Overturning Moment (ft-kips)

Maximum
Load in 

Katrina

Foundation System 
Capacity Excluding 

Conductors

Foundation System 
Capacity Including 

Conductors

0

1000

2000

3000

4000

0.0E+00 5.0E+05 1.0E+06 1.5E+06

B
a

se
 S

h
ea

r 
(k

ip
s)

Overturning Moment (ft-kips)

Maximum 
Load in Rita

Foundation System 
Capacity Excluding 

Conductors

Foundation System 
Capacity Including 

Conductors



 72 

Foundations are designed with a factor of safety, such as a factor of 1.5 for axial 

loading under 100-year hurricane conditions. In addition, there is redundancy in the 

foundation system so that overloading of a pile, either axially or laterally, does not 

necessarily lead to a complete collapse of the foundation system. Therefore, the 

magnitude of hurricane loading conditions required to reach the foundation system 

capacity is significant, requiring extreme waves and currents, and was not reached in 

almost half of the cases investigated in this research. 

 

6.3 FOUNDATION FAILURE NOT PREDICTED OR OBSERVED IF WELL CONDUCTORS 

INCLUDED 

The maximum hurricane load is higher than the foundation system capacity for 

Platforms 9, 12 and 30 excluding the contribution of well conductors but it is lower than 

the foundation system capacity including the contribution of conductors. Foundation 

failure was not observed in these cases, indicating that well conductors did contribute to 

foundation system capacity and care should be taken to model them realistically in post 

hurricane platform assessments. The foundation system capacity interaction diagrams for 

these platforms are presented in Figures 6.6 to 6.8. The dominant failure mechanism for 

Platform 9 is overturning and for Platforms 12 and 30 is shear. 
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Figure 6.6: Comparison of Maximum Hurricane Load in Katrina and Foundation 

System Capacity of Platform 9 in End-on Direction. 

 

Figure 6.7: Comparison of Maximum Hurricane Load in Rita and Foundation System 

Capacity of Platform 12 in End-on Direction. 
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Figure 6.8: Comparison of Maximum Hurricane Load in Katrina and Foundation 

System Capacity of Platform 30 in Diagonal Direction. 
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these cases. The foundation system capacity interaction diagrams for these platforms are 

presented in Figures 6.9 and 6.10. The dominant failure mechanism for Platform 11 is 

shear and for Platform 31 is more of a combined shear and overturning failure. 

 

 

Figure 6.9: Comparison of Maximum Hurricane Load in Katrina and Foundation 

System Capacity of Platform 11 in End-on Direction. 
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ultimate lateral capacity. This hypothesis is supported by both experimental 

data and numerical analyses (e.g., Murff and Hamilton 1993, Hamilton and 

Murff 1995, and Jeanjean 2009). 

 The yield stress of steel pipe piles and conductor casings is likely higher than 

its nominal value assumed in the analysis. Based on analyzing data for steel 

samples used in jacket platforms, Energo Engineering (2009a) found that the 

average yield stress for A36 steel is about 15 percent greater than the 

nominal value of 36 ksi. 

 For Platform 11 equipped with a large (i.e., 72-inch diameter) well 

conductor, the moment capacity of the conductor may be greater than the 

moment capacity of the conductor casing alone due to inner casing strings 

that were grouted to one another and to the outer casing. 

 For Platform 31, the jacket legs penetrate approximately 10 feet below the 

seafloor and these leg stubs increase the lateral capacity of piles and the 

shear capacity of the foundation system. 

To illustrate one of the above effects of unaccounted shear capacity in the 

foundation system, the yield stress of piles and conductor casings for Platform 11 is 

increased by 15 % to account for the difference between the expected and nominal yield 

stress for A36 steel. The shear capacity of the foundation system increases by about 15 % 

due to the increase in steel yield stress (Figure 6.11). With this effect alone, the survival 

of this foundation system can be reasonably explained. 

A combination of three factors stated above (i.e., lateral soil resistance, steel yield 

stress and jacket leg stubs) is necessary to explain the survival of the foundation system 

supporting Platform 31 (Figure 6.12). This case study is discussed in greater details in 

Chapter 9. 
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Figure 6.10: Comparison of Maximum Hurricane Load in Ike and Foundation System 

Capacity of Platform 31 in Diagonal Direction. 

 

Figure 6.11: Effect of Increasing Steel Yield Stress for Piles and Conductors on Shear 
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Figure 6.22: Effect of Lateral Pile Capacity Assumptions on Foundation System Capacity 

of Platform 31 in Diagonal Direction. 
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where a reasonably definitive foundation failure due to hurricane loading was observed 

and documented. 

 

 

Figure 6.13: Foundation Plan and Hurricane Ike Loading Direction of Platform 10. 

 

Figure 6.14: Photograph of Platform 10 Taken after Hurricane Ike (after Energo 

Engineering 2010). 
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The foundation system capacity interaction diagram of Platform 10 (Figure 6.15) 

shows that this foundation system was loaded very close to, if not beyond, its overturning 

capacity. The predicted foundation system failure is initiated by an axial pull-out failure 

of Pile C (Figure 6.13) in the hurricane loading direction. Piles B and C are both 220-ft 

long, 48-inch diameter, steel pipes driven into a normally consolidated to slightly 

overconsolidated marine clay deposit. Geotechnical information for this assessment came 

from a site-specific soil boring drilled in 2000 using modern sampling and testing 

techniques. The axial side shear capacity of the piles is expected to exhibit strain 

softening according to the design guidance in American Petroleum Institute (2000), with 

a residual side shear on the t-z curve that is 80 % of the peak value. Figure 6.16 shows 

that the maximum load in Hurricane Ike is bounded by the capacity interaction curves 

developed assuming peak side shear and residual side shear along the entire lengths of the 

piles. Note that peak end bearing was assumed in both of these interaction curves. The 

observed failure of this foundation system indicates that strain softening did occur and 

the foundation system capacity at failure is less than the capacity assuming that peak side 

shear develops along the entire lengths of the piles. 

The geometry of this 3-leg structure makes it less robust than a 4, 6 or 8-leg 

structure. The wave loading in Hurricane Ike put Pile C (Figure 6.13) into tension. The 

pull-out failure of Pile C led to the collapse of the foundation system. Pile A on the north 

side of this structure also served as a well conductor, meaning that its axial capacity is 

probably greater than the capacity of the pile alone due to grouted connections within the 

casing strings. However, this potential reserve was not effective to increase the 

overturning capacity of this foundation system in the loading direction of Hurricane Ike 

because the foundation system capacity is governed by the pull-out failure of Pile C in 

this direction. This case study is discussed in greater details in Chapter 8. 
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Figure 6.15: Comparison of Maximum Hurricane Load in Ike and Foundation System 

Capacity of Platform 10 in Hurricane Ike Loading Direction. 

 

Figure 6.16: Comparison of Maximum Hurricane Load in Ike and Foundation System 

Capacities Assuming Peak Side Shear and Residual Side Shear Mobilizing 

on All Piles for Platform 10 in Hurricane Ike Loading Direction. 
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6.6 FOUNDATION OVERTURNING FAILURE PREDICTED BUT NOT OBSERVED 

For Platforms 1 and 2 (Figure 6.17), a potential overturning failure of the 

foundation system was predicted but not observed (Chen et al. 2009a). While it is 

possible that these two cases provide evidence of conservatism in the predicted 

foundation system capacity, the most probable explanation for the apparent discrepancy 

between the observed and predicted performance is that the predicted capacities (Figures 

6.18 and 6.19) are not based on a representative soil boring. 

 

 

Figure 6.17: Photograph of Platforms 1 and 2 Taken after Hurricane Katrina (after 

Energo Engineering 2007). 

Platform 1

Platform 2
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Platforms 1 and 2 were installed in the mid 1960’s and they are bridge-connected 

to each other. The available soil boring used in the assessments was drilled in 1979 about 

1,000 feet away from these platforms (Figure 6.20). The geologic setting is a complex 

and variable alluvial (or fluviatile) deposit with interbedded clay and sand layers, 

deposited by meandering streams and rivers. There can be large variations in soil 

stratigraphy and properties over a relatively short distance of less than one hundred feet 

in this geologic setting. To illustrate, Figure 6.21 shows that the soil profile for Platforms 

1 and 2 is significantly different from the profile developed based on a soil boring drilled 

near Platforms 29 and 30 in the same geologic setting only a few miles away from 

Platforms 1 and 2. 

 

 

Figure 6.18: Comparison of Maximum Hurricane Load in Katrina and Foundation 

System Capacity of Platform 1 in End-on Direction. 
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There are two strong pieces of evidence suggesting that this boring does not 

accurately reflect the subsurface conditions at the site. First, the piles were designed to tip 

in a layer that did not optimize their axial capacity (Figure 6.20). Had the piles been 

driven for another 10 feet or so, the end bearing capacity would have been 70 % greater 

and the total axial capacity in compression would have been nearly 50 % greater. The 

choice of pile length for Platforms 1 and 2 is not consistent with typical practice if this 

boring does accurately reflect the soil stratigraphy at the site. Second, the large 

discrepancy between the hurricane load and predicted foundation capacity in overturning 

is not consistent with other cases analyzed in this research. Comparing to the loads, the 

design values for axial pile capacity based on the available boring are significantly lower 

than what would typically have been used by a major operator, even in the mid 1960’s. 

 

 

Figure 6.19: Comparison of Maximum Hurricane Load in Katrina and Foundation 

System Capacity of Platform 2 in End-on Direction. 
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In addition, the method used in the 1979 soil boring to estimate the density and 

shear strength of the sand layers was an outdated Driven Penetration Test, which met 

refusal and did not fully characterize these layers, particularly the layer near the pile tips. 

The inferred classification of this layer as “Medium Dense Sandy Silt” in the API RP 2A 

design guidance versus higher categories of “Dense or Very Dense Sand” is questionable. 

The log of a modern Cone Penetration Test conducted about 3 miles away in the same 

geologic setting is presented in Figure 6.22. This log shows that even the cone was not 

able to penetrate the sand layers at about 140 feet below the mudline, which may or may 

not be the same sand layer located at the pile tips of Platforms 1 and 2. Based on the 

Cone Penetration Test, this layer was classified as very dense (Figure 6.22). 

Figures 6.23 and 6.24 show the sensitivity of the foundation system capacity of 

Platforms 1 and 2 to the density of the sand layer at the pile tips. If this sand layer is 

classified as “Very Dense Sand” instead of “Medium Dense Sandy Silt,” the governing 

failure mechanism of the foundation system changes from overturning to shear for 

Platform 1 (Figure 6.23) and from overturning to combined shear and overturning for 

Platform 2 (Figure 6.24). The increase in overturning capacity is almost sufficient to 

explain the survival of the foundation system supporting Platform 2 in Hurricane Katrina 

(Figure 6.24). Furthermore, if realistic assumptions are made to model the lateral 

capacities of piles and conductors (i.e, using static p-y curves for lateral resistance and 

expected steel yield stress for piles and conductors and modeling jacket leg stubs), the 

possibility that the sand layer at the pile tips is denser than assumed in the assessment is 

sufficient to explain the survivals of these foundation systems in Hurricane Katrina 

(Figures 6.25 and 6.26). These two foundation systems join those supporting Platforms 

11 and 31 as cases, where the performance in extreme hurricane loading is consistent 

with predicted performance using realistic lateral capacity assumptions. 
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Figure 6.20: Boring Log Used in Assessments of Platforms 1 and 2 (after McClelland 

Engineers, Inc. 1979). 
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Figure 6.21: Soil Profiles Adopted for Assessments of Platforms 1 and 2 and Platforms 

29 and 30 from Soil Borings Separated by Several Miles in Same Geologic 

Setting. 

In summary, the large discrepancy between observed and predicted foundation 

performance for Platforms 1 and 2 probably reflects an underestimated foundation 

capacity for these cases due to the lack of site-specific information and not necessarily 

due to conservatism in the design method. However, without a site-specific soil boring or 

Cone Penetration Test, it is not possible to rule out conservatism in the design method, 

particularly relating to the end bearing capacity in sands. 
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Figure 6.22: Cone Penetration Test Performed Three Miles Away from 1979 Boring 

(after FMMG 2005). 
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Figure 6.23: Effect of Density of Sand Layer on Foundation System Capacity of Platform 

1 in End-on Direction. 

 

Figure 6.24: Effect of Density of Sand Layer on Foundation System Capacity of Platform 

2 in End-on Direction. 
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Figure 6.25: Effect of Density of Sand Layer and Lateral Pile Capacity Assumptions on 

Foundation System Capacity of Platform 1 in End-on Direction. 

 

Figure 6.26: Effect of Density of Sand Layer and Lateral Pile Capacity Assumptions on 

Foundation System Capacity of Platform 2 in End-on Direction. 
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6.7 PERFORMANCE DATABASE 

A performance database was compiled to summarize the results from case studies 

(Table 6.1). In this database, foundation systems are categorized by their dominant failure 

mechanisms (e.g., overturning, shear, or combined shear and overturning). The 

information contained in the foundation system capacity interaction diagram is 

represented by a ratio, (R/S)computed, which is defined as the computed system capacity 

divided by the computed system load. This ratio can be expressed in terms of either base 

shear or overturning moment. The foundation system capacity interaction diagram of 

Platform 9 (Figure 6.27) illustrates how this ratio was determined. Platform 9 has four 

legs, each supported by a 30-inch diameter pile battered in two directions. It is equipped 

with one large (i.e., 72-inch diameter) well conductor. The expected foundation system 

capacity with the contribution of this conductor is represented by the black line in Figure 

6.27. The maximum load in Hurricane Katrina is represented by the asterisk. The red line 

represents a linear load path used in the pushover analysis with a constant moment arm. 

This moment arm also represents the height above the mudline at which the centroid of 

the environmental loading profile occurs. The linear load path intersects the expected 

foundation system capacity interaction curve at a base shear capacity of approximately 

1,600 kips and the maximum base shear load in Katrina is approximately 1,300 kips. 

Therefore, (R/S)computed is 1.24 as shown in Table 6.1. The dominant failure mechanism of 

this foundation system in Katrina is overturning (Figure 6.27). 

The bias (B) in Table 6.1 represents the discrepancy between computed and 

observed performance of the foundation systems. B is defined as a dimensionless factor 

relating the ratio between computed system capacity and computed system load, 

(R/S)computed, to the ratio between actual system capacity and actual system load, 

(R/S)actual. Equation 6.1 shows this relationship. 
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       (6.1) 

 

A bias of 1.0 means that the ratio between the computed foundation system 

capacity and hurricane load on the foundation system according to the current state of 

practice in platform assessments is equal to the ratio between the actual system capacity 

and actual system load in the hurricane (i.e., no bias in the current state of practice). A 

bias greater than 1.0 means that the current state of practice is conservative. Conversely, 

a bias less than 1.0 means that it is unconservative. 

Table 6.1: Performance Database for Case Study Platform Foundations. 

Platform 
Number 

of Piles 

Number 

of 

Wells 

Failure 

Mechanism 
(R/S)computed 

Predicted 

Performance 

Observed 

Performance 

Bias, 

B 

8 4 12 Overturning 1.22  

Foundation Capacity 

Not Exceeded 
Survival 

> 0.82  

22 4 None Combined 1.07  > 0.93  

25 4 4 Combined 1.77  > 0.57  

29 8 12 Combined 1.42  > 0.70  

27 4 2 Shear 1.22  > 0.82  

9 4 1 Overturning 1.24  Foundation Capacity 

with Conductors Not 

Exceeded 

Survival 

> 0.81  

12 4 12 Shear 1.45  > 0.69  

30 6 12 Shear 1.29  > 0.78  

11 4 4 Shear 1.00  
Potential Shear 

Failure 

Survival 

> 1.00  

31 8 None Combined 0.84  

Potential 

Shear/Overturning 

Failure 
> 1.19  

10 3 1 Overturning 1.00  
Potential 

Overturning Failure 
Failure < 1.00  

2 6 12 Overturning 0.64  
Potential 

Overturning Failure 

Survival 

> 1.57  

1 8 18 Combined 0.63  

Potential 

Overturning/Shear 

Failure 
> 1.60  
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The foundation system capacity interaction curve is an envelope; for hurricane 

load located inside the envelope, the foundation system is expected to be stable; 

otherwise, it is expected to fail in the hurricane. For example, the hurricane load on the 

foundation of Platform 9 is less than the foundation system capacity; therefore, it is 

expected to survive the hurricane loading. This foundation, in reality, survived the 

hurricane loading without any failure or identifiable damage. 

A foundation system would fail if the actual system capacity is less than the actual 

hurricane load on the system, that is: 

 

(
 

 
)
      

   (
 

 
)
        

          (6.2) 

 

Based on the observed performance of a foundation system in a hurricane, 

additional information can be obtained regarding the discrepancy (i.e., B) between the 

predicted and observed performance of the foundation system. For example, the 

foundation system supporting Platform 9 survived the hurricane loading with a 

(R/S)computed value of 1.24. Therefore, the bias according to this observation is greater 

than 1/1.24 or 0.81. Information regarding the bias according to hurricane proof loading 

of each case study foundation system is also presented in the foundation performance 

database (Table 6.1). This information can potentially be used to update the practice of 

predicting hurricane load and foundation system capacity in post-hurricane assessments. 
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Figure 6.27: Foundation System Capacity Interaction Diagram of Platform 9 in End-on 

Direction. 

 

6.8 SUMMARY 

From the 13 case studies summarized in this chapter, the predicted foundation 

performance is generally consistent with the observed performance in hurricanes. In all 

cases where foundation failure was not predicted, it was not observed (Platforms 8, 22, 

25, 29, 27, 9, 12 and 30). In one case where foundation failure was predicted, it was 

observed (Platform 10). In the few cases where the predicted capacity is possibly less 

than the hurricane loading, there are reasonable explanations that do not involve 

increasing the expected foundation capacity based on the API RP 2A design guidance 

(Platforms 11 and 31). These explanations include: (1) using static versus cyclic p-y 

curves to model lateral soil resistance and predict the ultimate shear capacity of the 

system, (2) using an average or representative value for the yield stress of steel piles and 
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conductors rather than nominal value, and (3) accounting for jacket leg stubs that 

penetrate below the seafloor. For two case study platform foundations where the 

predicted hurricane loads are significantly greater than the overturning capacities of the 

foundation systems that actually survived the hurricane, site-specific soil conditions are 

unknown and reasonable estimates of soil conditions, particularly at the pile tips, along 

with realistic assumptions to model the lateral capacities of piles and conductors can 

readily account for the discrepancy between predicted and observed performance 

(Platforms 1 and 2). 

The above results do not preclude the possibility that the actual foundation 

capacity is greater than expected based on design. Only a small number of case study 

platform foundations where the ultimate capacity was potentially reached or exceeded are 

included in this research. Also, the case studies are limited to platforms that were not 

destroyed since little, if any, information is available for the performance of destroyed 

platforms. Finally, uncertainties exist in both predicted foundation system capacity and 

maximum hurricane load; a reasonable range of variation can be plus or minus 20 to 40 

% for both load and capacity. Chapter 10 examines the uncertainties in hurricane load 

and foundation system capacity in greater details. 
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Chapter 7:  Effects of Structural Factors on Foundation System 

Capacity 

 

7.1 INTRODUCTION 

Structural factors can affect the capacity of a foundation system significantly, 

sometimes even more so than geotechnical factors, such as stratigraphy and shear 

strength of soils. This chapter presents the effects of several important structural factors, 

including well conductors, yield stress of piles and conductors, jacket leg stubs, structural 

rigidity and system robustness, on foundation system capacity. This chapter is derived 

and expanded from Chen et al. (2010b). Contributions from the co-authors to the content 

presented herein are explicitly acknowledged. 

 

7.2 WELL CONDUCTORS 

Well conductors are like piles (Figure 7.1). They penetrate below the seafloor for 

hundreds of feet to provide support for drilling wells and producing oil and gas from the 

reservoir. However, well conductors are not connected to the jacket structure in the same 

way that piles are connected to the jacket structure through the legs and crown shim 

connections. Well conductors are restrained horizontally by several levels of conductor 

guide framing (Figure 7.1). As a result, the horizontal motions of the conductors are 

restrained to a certain degree but the vertical motions of the conductors are likely not 

restrained. 

In the simplified foundation model, the connection between conductors and the 

rigid structure is modeled using rollers (Figure 7.2) to represent the restraints that the 

structure imposes on conductors. In this model, conductors contribute their lateral 



 97 

capacity to the shear capacity of the foundation system but they do not contribute their 

axial capacity to the overturning capacity of the foundation system. Conductors do 

contribute to the overturning capacity of the foundation system because of their moment 

capacities. This is evident especially for platforms equipped with large conductors. 

 

 

Figure 7.1: Photograph Showing Well Conductors and Conductor Guide Framing (after 

Energo Engineering 2007). 

To illustrate, Figure 7.3 presents the foundation system capacity interaction 

curves of Platform 30 showing the effect of the twelve 24-inch diameter conductors on 

foundation system capacity. This platform has six legs, each supported by a 48-inch 

diameter pile. The shear capacity of the foundation system (i.e. the base shear at a low 

overturning moment) including conductors is about 30 % higher than that excluding 

conductors (Figure 7.3). In contrast, the conductors increase the overturning capacity of 
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the foundation system only minimally because they are not constrained to contribute their 

axial capacities and their moment capacities are relatively low. The maximum load in 

Hurricane Katrina on the foundation is about the same as the foundation system capacity 

excluding the conductors. The potential failure mechanism of this foundation is 

dominated by shear. The foundation system could have shown significant distress since it 

was loaded nearly to its capacity. However, no sign of distress was found on the 

foundation during underwater inspections, suggesting that conductors probably 

contributed to the shear capacity and survival of this foundation in Hurricane Katrina. 

 

 

Figure 7.2: Schematic of Simplified Foundation Collapse Model. 

Figure 7.4 presents the foundation system capacity interaction curves of Platform 

9 showing the effect of the 72-inch diameter conductor on foundation system capacity. 

This platform has four legs, each supported by a 30-inch diameter pile, battered in 2 

directions. The conductor is more than two times larger in diameter than the piles. The 

shear capacity of the foundation system including the only conductor is more than 2.5 

times the shear capacity excluding the conductor (Figure 7.4). Furthermore, the conductor 

increases the overturning capacity of the foundation system by about 20 % due to its high 
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moment capacity. The maximum load in Hurricane Katrina on the foundation is higher 

than the foundation system capacity excluding the conductor. Failures of the foundation 

system could have occurred but no sign of foundation failure was found, suggesting that 

the large conductor probably contributed to both shear and overturning capacities and 

survival of this foundation system in Hurricane Katrina. The potential failure mechanism 

of this foundation excluding the conductor is dominated by combined shear and 

overturning, while it is dominated by overturning when the large conductor is included. 

 

 

Figure 7.3: Contribution of Conductors to Shear Capacity and Survival of Foundation 

System Supporting Platform 30 in Hurricane Katrina. 

 

0

1000

2000

3000

4000

5000

6000

7000

0.0E+00 3.0E+05 6.0E+05 9.0E+05 1.2E+06

B
a
se

 S
h

ea
r 

(k
ip

s)

Overturning Moment (ft-kips)

Maximum Load
in Katrina

Foundation System 
Capacity Excluding 

Conductors

Foundation System 
Capacity Including 

Conductors



 100 

 

Figure 7.4: Contribution of 72-inch Diameter Conductor to Shear and Overturning 

Capacities and Survival of Foundation System Supporting Platform 9 in 

Hurricane Katrina. 

 

7.3 STEEL YIELD STRESS 

Both shear and overturning capacities of a foundation system are functions of the 

yield stress of piles and conductors. To illustrate using a simple model, a single pile with 

a constant diameter (D) and wall thickness (t) is considered. The plastic moment capacity 

(Mp) of the pile can be determined using Equation 7.1. Note that the plastic moment 

capacity is linearly proportional to the yield stress of the pile (fY). 

 

    

 
[          ]         (7.1) 
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Murff (2009) provided a solution for the lateral capacity of a single pile with a 

fixed head in two generic soil profiles (Figure 7.5). The lateral capacity is contributed by 

the development of two plastic hinges and mobilization of lateral soil resistance due to 

the rotation of the pile segment between the two hinges. In the soil profile with constant 

lateral soil resistance, the lateral capacity (Fult) can be determined using Equation 7.2. 

 

      √            (7.2) 

where R0 is the constant lateral soil resistance in units of force per unit pile length. 

 

 

Figure 7.5: Schematic of Plasticity Model for Lateral Capacity of Single Pile: (a) 

Constant Lateral Soil Resistance and (b) Linearly Increasing Lateral Soil 

Resistance (after Murff 2009). 

In the case of constant lateral soil resistance, the lateral capacity is affected by 

lateral soil resistance, which is relatively proportional to the shear strength of soils, and 

by plastic moment capacity of the pile equally (Equation 7.2). In other words, the shear 
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strength of soils and yield stress of steel have the same effect on the lateral capacity of 

the pile. The first plastic hinge is assumed to form at the mudline, while the second hinge 

forms at a depth of l0 below the mudline. 

 

    √
  

  
         (7.3) 

 

In a more representative soil profile with linearly increasing lateral soil resistance, 

the lateral capacity (Fult) is determined using Equation 7.4. 

 

     √
   

   

 

 

         (7.4) 

where R1 is the gradient of lateral soil resistance in units of force per unit length 

square. 

 

In the case of linearly increasing lateral soil resistance, the lateral capacity is 

affected by the plastic moment capacity of the pile more than lateral soil resistance 

(Equation 7.4). In other words, the yield stress of steel affects lateral capacity more than 

the shear strength of soils in most soil profiles where lateral soil resistance increases with 

increasing depth. Note that the distance between the two plastic hinges (l0) in this case 

can be determined using Equation 7.5. 

 

   √
   

  

 
         (7.5) 

 

The shear capacity of a foundation system is the sum of the lateral capacities of 

piles and conductors in the system. Therefore, in most soil profiles where lateral soil 
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resistance increases with increasing depth, the shear capacity of the foundation system is 

more sensitive to the yield stress of steel than to the shear strength of soils (e.g., Figure 

7.6). Note that in Figure 7.6, the effect of increasing the yield stress of steel by 15 % is 

nearly the same as the effect of increasing the lateral soil resistance by 50 %. As such, the 

yield stress of steel is about three times more influential than the shear strength of soils 

on foundation shear capacity in this case. The overturning capacity of a foundation 

system, however, is contributed primarily by the axial capacities of piles in compression 

and in tension than by the plastic moment capacities of piles and conductors. Therefore, 

steel yield stress has a smaller effect on the overturning capacity of the foundation system 

than on the shear capacity (e.g., Figure 7.7). 

The yield stress for steel tubular members used in offshore construction is usually 

higher than its nominal value (Energo Engineering 2009a). On average, the actual yield 

stress is about 15 % higher than the nominal yield stress. Figure 7.7 presents the 

foundation system capacity interaction curves of Platform 11. The shear capacity of the 

foundation system assuming more realistic yield stress of 41.4 ksi for the piles and 

conductors is about 15 % higher than that assuming nominal yield stress of 36 ksi. The 

increase in shear capacity is nearly proportional to the increase in steel yield stress. In 

contrast, increasing steel yield stress only increases the overturning capacity of the 

foundation system minimally. Platform 11 survived the loading in Hurricane Katrina 

without any distress in the foundation. According to Figure 7.7, a foundation shear failure 

was likely for Platform 11 in Katrina if the actual yield stress is close to or lower than the 

nominal yield stress. The survival of this foundation system indicates that the actual yield 

stress is probably higher than the nominal value of 36 ksi. 
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Figure 7.6: Effects of Steel Yield Stress and Soil Shear Strength on Foundation Shear 

Capacity of Platform 1 in End-on Direction. 

 

Figure 7.7: Effect of Steel Yield Stress on Shear and Overturning Capacities of 

Foundation System Supporting Platform 11. 
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7.4 JACKET LEG STUBS 

Figure 7.8 shows the leg stub of a typical shallow water jacket platform. Leg stubs 

usually penetrate below the seafloor under the weight of the jacket structure before piles 

are driven through the legs. The annular space between the jacket leg and the pile can be 

grouted to enhance the connection between the leg and pile. Effectively, this enhanced 

connection (with a much higher moment capacity) does not allow the first plastic hinge in 

the simplified foundation collapse model to form at the mudline. More than likely, the 

first plastic hinge will form at the bottom of the leg stub, where the moment capacity 

reduces suddenly to the value of a regular pile section (Figure 7.2). As a result, the 

second plastic hinge will be pushed to a greater depth below the mudline, thereby 

allowing the pile to mobilize more lateral soil resistance. 

To illustrate using a simple model, a single pile with a leg stub of length h is 

considered (Figure 7.9). If this pile is embedded in a soil profile with constant lateral soil 

resistance (R0), the lateral capacity can be determined using Equation 7.6. 

 

           √           (7.6) 

where R0 is the constant lateral soil resistance in units of force per unit pile length 

and Mp is the plastic moment capacity of the pile. 

 

Comparing Equations 7.2 and 7.6, the presence of a leg stub increases the lateral 

capacity of the pile by R0h, which is the lateral resistance mobilized by the leg stub. Note 

that the distance between the first and second plastic hinges (l0) remains the same. 
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    √
  

  
         (7.7) 

 

 

Figure 7.8: Photograph Showing Jacket Leg Stub for Typical Shallow Water Jacket 

Platform. 

Consider a more typical soil profile where the lateral soil resistance increases with 

increasing depth according to Equation 7.8. 

 

                    (7.8) 

Jacket Leg Stub
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where R0 is the lateral soil resistance at the mudline in units of force per unit pile 

length and R1 is the gradient of lateral soil resistance in units of force per unit length 

square. 

 

The lateral capacity of a pile with a leg stub of length h in this soil profile can be 

determined using Equation 7.9. 

 

          
 

 
   

  
 

 
     

 

 
      

 

 
    

  
   

  
   (7.9) 

where l0 can be found by solving the cubic equation shown in Equation 7.10. 

 

  
  

 

 

      

  
  
  

   

  
         (7.10) 

 

The solution for l0 can be obtained analytically or numerically. Since Equation 

7.10 only has one real root, the analytical solution of l0 is shown as follows: 

 

       
 

 
         (7.11) 

where 
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Figure 7.9: Schematic of Plasticity Model for Lateral Capacity of Single Pile with Leg 

Stub: (a) Constant Lateral Soil Resistance Profile and (b) Linearly 

Increasing Lateral Soil Resistance Profile. 

Derivation of the above solution is provided in Appendix C. A practical example 

is presented to show the effect of a leg stub on the lateral capacity of a single pile. The 

pile is assumed to have a diameter of 3 feet and wall thickness of 1.5 inches. The yield 

stress of this pile is assumed to be 36 ksi. Figure 7.10a compares the lateral capacities of 

this pile in normally consolidated and overconsolidated marine clays. The undrained 

shear strength profiles, su(z), of the normally consolidated and overconsolidated marine 

clays used in this example are also shown in Figure 7.10. The lateral soil resistance is 

assumed to be related to the shear strength of the marine clays according to Equation 

7.19. 

 

                    (7.19) 

where D is the diameter of the pile. 

Fult
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Figure 7.10: Effect of Leg Stub on Lateral Capacity of Single Pile in Normally 

Consolidated and Overconsolidated Marine Clays. 
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The lateral capacity of this pile in overconsolidated marine clay is higher than that 

in normally consolidated marine clay because of the higher undrained shear strength of 

the overconsolidated marine clay (Figure 7.10a). The lateral capacities of this pile in 

normally consolidated and overconsolidated marine clays both increase with increasing 

length of the leg stub. Figure 7.10b shows a multiplier (Rstub) defined as the ratio between 

the lateral capacities with a leg stub and without a leg stub (i.e., Rstub= Fult,stub/Fult,0). The 

presence of a 12-ft long leg stub increases the lateral capacity by about 30 % in both 

normally consolidated and overconsolidated marine clays in this example. The rate of 

increasing lateral capacity with length of the leg stub is higher in overconsolidated 

marine clay than in normally consolidated marine clay (Figure 7.10b), even if the rate of 

increasing undrained shear strength with depth is higher in the normally consolidated 

marine clay (i.e., 10 psf/ft) than in the overconsolidated marine clay (i.e., 7.5 psf/ft) in 

this example. This observation indicates that the effect of the leg stub on the lateral 

capacity of a pile is more significant if stronger (i.e., overconsolidated) soils are present 

near the mudline. 

Similarly, the presence of leg stubs allows the foundation system to mobilize 

more lateral soil resistance and, therefore, increases the shear capacity of the foundation. 

Figure 7.11 presents a series of foundation system capacity interaction curves of Platform 

31 in the hurricane loading direction. This platform consists of two separate but 

structurally connected 4-leg jackets (Figure 7.12). The foundation plan of this platform is 

presented in Figure 7.13. The piles supporting Structures A and P are 42-inch and 36-inch 

diameter piles, respectively. All piles are battered in two directions. 

The base case foundation system capacity interaction curve was developed using 

cyclic p-y curves and nominal yield stress of 36 ksi for the piles. The maximum load in 

Hurricane Ike is greater than the base case foundation system capacity (Figure 7.11) and 
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yet this foundation survived the hurricane loading. Only a few structural members above 

the mudline were damaged. A more representative foundation system capacity interaction 

curve developed using static p-y curves and expected yield stress of 41.4 ksi for the piles, 

which is 15 % higher than the nominal value, nearly surpasses the maximum load in Ike. 

With the contribution of jacket leg stubs, which extend 12 and 10 feet into the seafloor 

below Structures A and P, respectively, the shear capacity increases further and the 

survival of this foundation system in a potential combined shear and overturning failure 

mechanism can be explained. Without the contribution of jacket leg stubs, failure of this 

foundation is still likely because the hurricane load is about the same as the foundation 

system capacity (i.e., the blue curve in Figure 7.11). 

 

 

Figure 7.11: Contribution of Jacket Leg Stubs to Capacity and Survival of Foundation 

System Supporting Platform 31 in Diagonal Direction. 
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Figure 7.12: 3-D Structural Model of Platform 31 (after Energo Engineering 2009b). 

For Platforms 1 and 2, which exhibit the largest discrepancy between predicted 

and observed performance, their survivals cannot be fully explained without considering 

the contribution of jacket leg stubs either (Figures 7.14 and 7.15). The axial capacities of 

the piles are potentially underestimated due to the lack of a site-specific soil boring (see 
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discussions in Section 6.6). However, even if more realistic axial pile capacities are 

assumed by tipping the piles in very dense sand and more realistic lateral capacities of 

piles and conductors are assumed by using static p-y curves and higher yield stress, 

failures of these foundation systems are still likely (Figures 7.14 and 7.15). The 

contribution of jacket leg stubs to the lateral capacities of piles is necessary to explain the 

survivals of these foundation systems in a combined shear and overturning failure 

mechanism. 

 

 

Figure 7.13: Foundation Plan of Platform 31 (after GEMS 2009). 
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Figure 7.14: Contribution of Jacket Leg Stubs to Capacity and Survival of Foundation 

System Supporting Platform 1 in End-on Direction. 

 

Figure 7.15: Contribution of Jacket Leg Stubs to Capacity and Survival of Foundation 

System Supporting Platform 2 in End-on Direction. 
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7.5 RIGIDITY AND STRENGTH OF JACKET 

The rigidity and strength of the jacket can limit the full mobilization of foundation 

system capacity. The simplified foundation model assumes a perfectly rigid and infinitely 

strong structure. Therefore, the foundation system capacity obtained from this model 

represents the highest capacity that a structure can mobilize. Figure 7.16 presents the 

foundation system capacity interaction curve of Platform 31 and compares it with the 

pushover capacity in the broadside direction obtained using the 3-D model. Several 

mudline framing members failed in the pushover analysis, resulting in a pushover 

capacity that is dominated by structural failures and lower than the foundation system 

capacity. Similar to the performance in the 3-D model, the rigidity and strength of a 

jacket structure can also affect the foundation system capacity in reality. 

The rigidity and strength of the connections between well conductors and the 

jacket (i.e., conductor guide framing) can affect the contribution of conductors to 

foundation system capacity. In the 3-D model, the connections between conductors and 

the jacket are not perfect (i.e., they have limited rigidity and strength). On the contrary, 

the simplified foundation collapse model assumes either the full contribution of 

conductors to foundation system capacity or no contribution at all. As a result, the 

pushover capacity of a jacket structure with conductors is often bounded by the 

foundation system capacity interaction curves including and excluding the conductors 

(e.g., Figures 7.17 and 7.18). Care should be taken to model the connections between 

well conductors and the jacket in the 3-D model to account for the capacity contributed 

by well conductors realistically. 
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Figure 7.16: Comparison of Pushover Capacity from 3-D Model and Foundation System 

Capacity for Platform 31 in Broadside Direction. 

 

Figure 7.17: Comparison of Pushover Capacity from 3-D Model and Foundation System 

Capacities Including and Excluding Conductors for Platform 1 in End-on 
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Figure 7.18: Comparison of Pushover Capacity from 3-D Model and Foundation System 

Capacities Including and Excluding Large Conductor for Platform 9 in End-

on Direction. 
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sensitive foundation system capacity is to the capacity of a single pile, the less robust it 

is. 

Sensitivity analyses were performed by increasing and decreasing the axial and 

lateral capacities of one pile by 30 % for Platform 10. The 30 % variation in pile capacity 

reflects possible variations in soil properties, driving conditions and structural properties 

between piles; it corresponds roughly to the coefficient of variation between measured 

and predicted capacities of individual piles (e.g., Tang and Gilbert 1992). Platform 10 is a 

3-leg jacket structure supported by a system of three 48-inch diameter piles with a 20-

inch diameter well conductor (Figure 7.19). The length of Pile A is 265 feet and the 

lengths of Piles B and C are both 220 feet. 

Figures 7.20, 7.21 and 7.22 present the capacity interaction curves of this 

foundation system in Hurricane Ike loading direction due to increasing and decreasing the 

axial and lateral soil capacities of Piles A, B and C, respectively, by 30 %. Pile C is the 

most influential pile of this foundation system in resisting Hurricane Ike loading because 

of the large variation in foundation overturning capacity as a result of increasing and 

decreasing the axial and lateral capacities of this pile (Figure 7.22). On the other hand, 

Pile A is the least influential pile of this foundation system in resisting Hurricane Ike 

loading (Figure 7.20). The above results are because Pile C is further away from the axis 

of rotation than Piles A and B and the direction of batter for Pile C is more effective in 

resisting the overturning moment in Hurricane Ike. From Figures 7.20 to 7.22, the 

performance of this foundation system in Hurricane Ike is dominated by the axial 

capacity of Pile C and, to a lesser extent, by the axial capacity of Pile B. 
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Figure 7.19: Foundation Plan and Hurricane Ike Loading Direction of Platform 10. 

 

 

Figure 7.20: Effect of Increasing and Decreasing Axial and Lateral Soil Capacities of 

Pile A by 30 % on Foundation System Capacity of Platform 10. 
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Figure 7.21: Effect of Increasing and Decreasing Axial and Lateral Soil Capacities of 

Pile B by 30 % on Foundation System Capacity of Platform 10. 

 

Figure 7.22: Effect of Increasing and Decreasing Axial and Lateral Soil Capacities of 

Pile C by 30 % on Foundation System Capacity of Platform 10. 
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Figure 7.23 presents the bounds of all capacity interaction curves shown in 

Figures 7.20 to 7.22. It shows the range of foundation system capacity of Platform 10 due 

to 30 % variation in the capacities of each pile. The overturning capacity of the 

foundation system is much more sensitive to the axial capacity of a single pile than the 

shear capacity of the foundation system is to the lateral capacity of a single pile as shown 

by the wider range of variation in foundation overturning capacity (Figure 7.23). This 

result shows that the foundation system is less robust in an overturning dominated failure 

than in a shear-dominated failure, which explains why this foundation system failed in 

Hurricane Ike as soon as Pile C was pulled out. 

Similar sensitivity analyses were performed for the foundation system supporting 

Platform 30 in Hurricane Katrina loading direction (Figure 7.24). Figure 7.25 presents the 

bounds of all capacity interaction curves from the sensitivity analysis. Piles A2 and C1 

are the most influential piles of this foundation system in the diagonal loading direction 

because they are further away from the axis of rotation and their batters are more 

effective in resisting overturning moment. The overturning capacity of this foundation 

system is still much more sensitive to the axial capacity of a single pile than the shear 

capacity of the foundation system is to the lateral capacity of a single pile (Figure 7.25). 

In fact, Figure 7.25 shows that the shear capacity of this foundation system does not 

change much when the lateral capacity of a pile is increased or decreased by 30 %. 

Comparing Figures 7.23 and 7.25, the variation in the capacity of the 3-pile system is 

greater than the variation in the capacity of the 6-pile system, which shows that the 3-pile 

system is less robust than the 6-pile system. Additionally, the potential failure of the 3-

pile system in Ike is overturning, where the foundation capacity is very sensitive to the 

axial capacity of one pile. On the other hand, the potential failure of the 6-pile system in 

Katrina is shear, where the foundation capacity is not very sensitive to the lateral capacity 
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of any pile. It is not surprising that the 3-pile system failed in overturning in Hurricane 

Ike whereas the 6-pile system survived a potential shear failure in Hurricane Katrina by 

comparing Figures 7.23 and 7.25. 

 

 

Figure 7.23: Range of Foundation System Capacity due to Increasing and Decreasing 

Axial and Lateral Soil Capacities of One Pile by 30 % for Platform 10. 
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Figure 7.24: Foundation Plan and Hurricane Katrina Loading Direction of Platform 30. 
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and have higher moment capacity relative to the overturning capacity resulting from the 

axial capacities of piles. The presence of jacket leg stubs penetrating below the seafloor 

contributes to a higher shear capacity of the foundation system because they allow the 

piles to mobilize more lateral soil resistance by forming the plastic hinges at greater 

depths. The yield stress of steel tubular members used in offshore construction is 

typically higher than its nominal value. Higher yield stress contributes to higher 

foundation capacity. Its effect on shear capacity is often greater than it is on overturning 

capacity. The above structural factors work together to enhance the foundation system 

capacities and to explain the survivals of 3 case study platform foundations, as illustrated 

in Figures 7.11, 7.14 and 7.15. 

 

 

Figure 7.25: Range of Foundation System Capacity due to Increasing and Decreasing 

Axial and Lateral Soil Capacities of One Pile by 30 % for Platform 30. 
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The rigidity and strength of a jacket can affect its ability to mobilize foundation 

capacity. The contribution of conductors to foundation system capacity also depends on 

the rigidity and strength of the connections between conductors and the jacket. These 

details need to be considered in order to obtain a more realistic foundation system 

capacity from the pushover analysis using a 3-D model. 

Foundation system robustness is an important consideration for its performance. 

Naturally, a foundation is more robust if it has more piles in the system. Also, a 

foundation system is usually more robust in shear-dominated failures than in overturning-

dominated failures. The geometry of the foundation system and its loading direction also 

affect foundation system robustness. 
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Chapter 8:  Case Study of Foundation System Failure 

 

8.1 INTRODUCTION 

Cases of foundation failures are rare, even in the most severe hurricanes in the last 

two decades. This result is partially because foundation failures are more difficult to 

observe than structural failures, especially for offshore foundations embedded below the 

seafloor, which is under hundreds, if not thousands, of feet of water. It is also because 

detailed case studies of destroyed platforms, where foundation failures are more likely to 

occur, are usually not available because owners or operators are less motivated to analyze 

these platforms, which they cannot use anymore. In this research, a rare case of 

foundation failure is identified and analyzed. This case involves an overturning failure of 

the foundation system supporting a 3-leg jacket (i.e., Platform 10), due to the pull-out 

failure of the most heavily loaded pile. This case is invaluable because it provides 

insights into how a full-scale foundation performed in a severe hurricane and possibly the 

largest pull-out test on a pile embedded in marine clays. This chapter documents the case 

history and lessons learned from analyzing the performance of this foundation system. 

Note that this chapter is derived and expanded from a journal paper that is under 

preparation at this time (Chen et al. 2011). Contributions from the co-authors of this 

paper are explicitly acknowledged. 

 

8.2 DESCRIPTIONS OF PLATFORM 10 

Platform 10 is a 3-leg jacket platform located in approximately 360 feet of water 

offshore the coast of Louisiana. It was installed in 2003 and destroyed by Hurricane Ike 

in 2008. Figure 8.1 shows a plan view of the foundation system supporting this platform. 
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Figure 8.2 shows an elevation view of the jacket structure through Legs A and C, where 

Piles A and C were driven, respectively. 

 

 

Figure 8.1: Foundation Plan and Hurricane Ike Loading Direction of Platform 10. 
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Figure 8.2: Elevation View of Platform 10 through Legs A and C. 

Table 8.1: Pile Wall Thickness Schedule for Platform 10. 

Segment 

No. 

Pile A Piles B and C 

Penetration 

below Mudline 

(ft) 

Wall 

Thickness 

(inch) 

Penetration 

below Mudline 

(ft) 

Wall 

Thickness 

(inch) 

5 0 to 50 1.75 0 to 55 1.5 

4 50 to 90 1.5 55 to 75 1.25 

3 90 to 100 1.25 75 to 215 1.0 

2 100 to 260 1.0 215 to 220 1.25 

1 260 to 265 1.25 N/A 

1

True 

Batter

5

Leg A

Leg C
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8.3 SUBSURFACE CONDITIONS 

Fugro-McClelland Marine Geoscience (FMMG) drilled a site-specific soil boring 

to characterize the subsurface conditions at the location of Platform 10 in 2001. FMMG 

used sampling and testing methods consistent with the present-day state of practice in this 

work. The field crew advanced the borehole using an open-hole, wet rotary technique, 

with a drag bit attached to the drill pipe. They added salt water gel and weight materials 

as necessary to suspend and remove drill cuttings and to provide lateral support to the 

borehole wall. They obtained samples through the open bore of the drill pipe at 3-ft 

intervals to 50-ft penetration and at 10-ft intervals to the final depth of the boring (348 

feet). They used a 2.5-inch outside diameter (OD) liner sampler to 17-ft penetration and 

pushed a 3-inch OD, thin-walled, Shelby tube sampler into the soil with the weight of the 

drill pipe to obtain the remaining samples. The 3-inch diameter pushed Shelby tube 

samples are relatively undisturbed samples. 

Field crew from FMMG extruded most of the samples from the sampling tubes 

and a field engineer classified them. The engineer also performed unit weight, torvane, 

pocket penetrometer, miniature vane and unconsolidated-undrained (UU) triaxial tests on 

selected cohesive soil samples on board the drilling vessel. In addition, they shipped 

remaining samples to the laboratory to perform Atterberg limit and water content 

measurements as well as additional unit weight, UU triaxial and miniature vane tests. 

Figure 8.3 presents the boring log with water contents, liquid and plastic limits, unit 

weights and shear strength measurements (FMMG 2001). 
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Figure 8.3: Soil Boring Log with Water Contents, Liquid and Plastic Limits, Unit 

Weights and Shear Strength Measurements (FMMG 2001). 
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8.4 PILE CAPACITIES 

Figure 8.4 presents the design unit weight and undrained shear strength profiles 

recommended for the original construction of Platform 10. The design soil profile 

consists of two strata, very soft clay near the mudline, which is underlain by soft to hard 

clay. The design undrained shear strength increases with increasing depth. A nominal 

undrained shear strength profile corresponding to a rate of increase of 10 psf/ft for 

normally consolidated clays is also shown in Figure 8.4. The clays at the location of 

Platform 10 are normally consolidated to a depth of 11 feet below the mudline and 

slightly overconsolidated below that depth. These types of clays are known to exhibit 

strain softening in the undrained shear strength and mobilized side shear resistance for 

piles. 

 

 

Figure 8.4: Design Undrained Shear Strength and Submerged Unit Weight Profiles for 

Platform 10 (after FMMG 2001). 
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8.4.1 Axial Capacity 

A t-z analysis was performed to estimate the capacities of Piles A, B and C. The 

pile wall thickness schedule shown in Table 8.1 was used in the analysis. American 

Petroleum Institute (2000) recommends a t-z model for mobilized side shear resistance in 

clays with a residual-to-peak side shear ratio (t/tmax) between 0.7 and 0.9. Figure 8.5 

presents the normalized t-z curve for the 48-inch diameter piles supporting Platform 10, 

where a nominal t/tmax value of 0.8 is shown. This nominal t/tmax value was also 

recommended in FMMG (2001). According to this t-z model, half an inch of 

displacement between the pile wall and soil is required to mobilize the peak side shear; 

beyond a displacement of one inch, fully softened, residual side shear occurs. 

 

 

Figure 8.5: Normalized t-z Curve for Piles Supporting Platform 10. 
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end bearing is mobilized at a pile tip displacement of nearly 5 inches. Comparing Figures 

8.5 and 8.6, it is obvious that peak side shear and peak end bearing cannot be mobilized 

simultaneously because when peak end bearing of these piles is mobilized at 5 inches of 

displacement, the displacement between the pile wall and soil along the entire length of 

the pile will be greater than 5 inches and the mobilized side shear will reduce to the 

residual value. 

 

 

Figure 8.6: Normalized Q-z Curve for Piles Supporting Platform 10. 

Figure 8.7 shows the result of a t-z analysis of Pile C loaded in tension. The 
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side shear is mobilized near the pile tip at a displacement of half an inch between the pile 

wall and soil, the displacements along the majority of the pile length will be greater than 

half an inch and the mobilized side shear will reduce to the residual value (Figure 8.5). 

 

 

Figure 8.7: Results from t-z Analysis of Pile C Loaded in Tension. 
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The maximum capacities of all three piles supporting Platform 10 are summarized in 

Table 8.2. At the maximum tensile capacities of these piles, 90 % of the peak side shear 

is mobilized on average over the length of these piles. Similarly, at the maximum 

compressive capacities of these piles, 90 % of the peak side shear is mobilized on average 

over the length of these piles and 40 % of the peak end bearing is mobilized. The 

capacities of Pile A are higher than those of Piles B and C because Pile A is longer than 

Piles B and C. 

 

 

Figure 8.8: Results from t-z Analysis of Pile C Loaded in Compression. 
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capacity of piles decreases suddenly once the cyclic load level exceeds 50 percent of the 

ultimate static capacity. Higher strain rate was reported to increase the ultimate axial 

capacity (e.g., Kraft et al. 1981a). Dunnavant et al. (1990) also investigated the effects of 

cyclic degradation and strain rate on the axial capacity of piles and recommended that 

cyclic degradation and strain rate do not need to be considered explicitly. Hence, the 

capacities estimated from t-z analyses (Table 8.2) represent the best estimates of pile 

capacities according to American Petroleum Institute (2000) and the state of practice in 

the Gulf of Mexico. 

 

 

Figure 8.9: Results from t-z Analysis of Pile A Loaded in Tension. 
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Figure 8.10: Results from t-z Analysis of Pile A Loaded in Compression. 

Table 8.2: Summary of Maximum Axial Capacities of Piles Supporting Platform 10. 
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large displacements in severe loading conditions, such as those in a hurricane. Cyclic 

degradation due to smaller load cycles prior to the hurricane loading does not affect the 

ultimate lateral bearing capacity of soils. 

The profile in Figure 8.11 was used to estimate the lateral capacities of piles and 

conductor for Platform 10. The lateral capacities of piles and conductor were then 

incorporated in the simplified foundation collapse model to estimate the foundation 

system capacity of Platform 10. 

 

 

Figure 8.11: Ultimate Unit Lateral Bearing Capacity Profile for Piles and Conductor of 

Platform 10. 
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8.5 FOUNDATION SYSTEM CAPACITY 

The base case foundation system capacity of Platform 10 was developed using the 

simplified foundation collapse model. It is represented by a base shear versus overturning 

moment interaction curve (Figure 8.12) developed assuming that the maximum axial 

capacities of piles (Table 8.2) are mobilized simultaneously. Lateral soil resistance 

corresponding to static p-y curves as recommended in American Petroleum Institute 

(2000) was used in developing the base case foundation system capacity interaction 

curve. The maximum load in Hurricane Ike on the foundation system is also presented in 

Figure 8.12. More discussions are provided in Section 8.6 on the development of this 

maximum load. 

The interaction curve is an envelope; for hurricane load located inside the 

interaction curve, the foundation system is expected to be stable; otherwise, it is expected 

to fail. Three distinct foundation failure mechanisms are shown in Figure 8.12. At a small 

overturning moment (or moment arm), the foundation system failure is dominated by 

shear. In this region, the lateral bearing capacity of soils contributes more than the axial 

capacity of soils to foundation system capacity. The base shear capacity increases with 

increasing moment arm because of pile batters. At a large moment arm, the pile system 

failure is dominated by overturning. In this region, the axial capacity of soils contributes 

more than the lateral bearing capacity of soils to foundation system capacity. In between 

these two extremes is a region characterized by a combined shear and overturning failure 

mechanism. Based on the best estimates of foundation system capacity and maximum 

hurricane load in Figure 8.12, a foundation overturning failure due to piles plunging and 

pulling out is expected. 
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Figure 8.12: Base Case Foundation System Capacity Interaction Curve of Platform 10 in 

Hurricane Ike Loading Direction. 
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model to estimate the maximum load on the platform structure and its foundation during 

the hurricane. The hindcast conditions are summarized in Table 8.3. The current speed 

profile used in this analysis is presented in Figure 8.13. 

Table 8.3: Hindcast Conditions in Hurricane Ike at Platform 10. 

Wave Wind Current 

Maximum Wave 

Height (ft) 

Period 

(s) 

Direction 

(deg.) 

Speed 

(knots) 

Direction 

(deg.) 
Speed (knots) 

Direction 

(deg.) 

71 14.2 161.7 61.3 172 See Figure 8.13 148.4 

The directions of wave, wind and current are counterclockwise from the east direction 

(see Figure 8.1). 

 

 

Figure 8.13: Hindcast Current Speed Profile in Hurricane Ike at Platform 10. 
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The output forces and moments relative to the projection of the structural origin 

(O) on the mudline are summarized in Table 8.4. The structural origin in the 3-D model 

developed for this analysis is located at the head of Pile A on the mudline (Figure 8.14). 

As such, the forces and moments in Table 8.4 are relative to the head of Pile A. The line 

of vertical force, however, is not coincident with the structural origin; it goes through a 

point (O’) that is about 23 feet south (i.e., in the –y direction) of the structural origin on 

the mudline (Figure 8.14). Therefore, the base shear and overturning moment on the 

foundation system cannot be obtained directly using Equations 5.1 and 5.2. 

SACS also reports the forces on the structure in three orthogonal directions (Fx, 

Fy and Fz) and the locations where these forces are applied relative to the structural origin 

(rO_Fx, rO_Fy and rO_Fz). Table 8.5 presents the forces and the locations where they are 

applied. Using the principles of vector mechanics (e.g., Beer and Johnston 1988), the 

three orthogonal forces can be resolved into forces and moments at any location. If these 

forces are resolved at a location on the mudline where the line of vertical force goes 

through (O’), Equations 5.1 and 5.2 can then be used to obtain the base shear and 

overturning moment on the foundation system directly because the vertical force does not 

contribute to overturning moment in this case. Figure 8.15 illustrates the principles of 

vector mechanics and provides an example calculation used to determine the base shear 

and overturning moment on the foundation system of Platform 10. 

Table 8.4: Hindcast Forces and Moments Relative to Structural Origin (Head of Pile A) 

in 3-D Model. 

Fx Fy Fz Mx My Mz 

(kips) (kips) (kips) (ft-kips) (ft-kips) (ft-kips) 

-1125  422  -3044  -51393  -332924  -31109  
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Figure 8.14: Structural Origin and Line of Vertical Force in 3-D Model. 
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Table 8.5: Three Orthogonal Forces and Their Application Locations Relative to 

Structural Origin. 

 Force, 

Fx 

Location 

Vector, rO_Fx 
 Force, 

Fy 

Location 

Vector, rO_Fy 
 Force, 

Fz 

Location 

Vector, rO_Fz 

x y z x y z x y z 

(kips) (ft) (ft) (ft) (kips) (ft) (ft) (ft) (kips) (ft) (ft) (ft) 

-1125  -2  -26  296  422  -3  -28  291  -3044  0  -23  257  

 

 

Figure 8.15: Illustration of Vector Mechanics Principles and Example Calculation to 

Determine Base Shear and Overturning Moment on Foundation System of 

Platform 10. 

The base shear and overturning moment calculated in Figure 8.15 were plotted as 

the “Maximum Load in Ike” on the foundation system capacity interaction diagram of 

Platform 10 in Figure 8.12. Note that O’ is also the origin defined in the simplified 

Fy

Structural 

Origin (O)
O’

Fz

Fx

rO_Fy

rO’_Fy= rO_Fy - rO_O’

rO_O’

Fy can be resolved into a force 

(Fy) and a moment (MO’_Fy)  at O’ 

where:

MO’_Fy= rO’_Fy x Fy

Similarly, Fx and Fz can also be 

resolved at O’.

MO’_F= (Mx, My, Mz)

MO’= sqrt(Mx2+My2)

PH= sqrt(Fx2+Fy2)

Example Calculation

Fx= -1125 kips Fy= 422 kips Fz= -3044 kips

x y z x y z x y z

rO_F (ft)= -2 -26 296 -3 -28 291 0 -23 257

rO_O'  (ft)= 0 -23 0 0 -23 0 0 -23 0

rO'_F (ft)= -2 -3 296 -3 -4 291 0 0 257

MO'_F (ft-kips)= 0 -333406 -3364 -122695 0 -1434 0 0 0

MO'_F (ft-kips)= -122695 -333406 -4798

MO'  (ft-kips)= 355265 (Overturning Moment at O')

PH  (kips)= 1201 (Base Shear at O')
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foundation collapse model where the line of vertical force goes through. In other words, 

both the maximum load in Ike and foundation system capacity were developed and 

compared with respect to the same reference location. This reference location is 

convenient because the line of vertical force goes through it; therefore, the vertical force 

does not contribute to overturning moment in the load or in the capacity. 

 

8.7 PERFORMANCE IN HURRICANE IKE 

Figure 8.16 shows a photograph of Platform 10 after Hurricane Ike. The loading 

from Ike resulted in the pull-out failure of Pile C (Figure 8.1), which led to the excessive 

rotation and leaning of the jacket platform (Figure 8.16). Underwater inspections 

revealed that the displacements of the jacket at the mudline were on the order of a few 

feet. No evidence of structural failure was found to explain the excessive rotation and 

leaning of the platform from multiple underwater inspections. Hence, foundation failure 

was identified as the cause of failure for this platform. 

A comparison of the maximum load in Ike according to the hindcast analysis 

using the 3-D model and foundation system capacity interaction curve developed using 

the simplified foundation collapse model is presented in Figure 8.12. Both the maximum 

hurricane load and foundation system capacity were developed according to the state of 

practice in the industry. The maximum load in Ike is approximately the same as the 

maximum foundation system capacity in overturning, which confirms that the observed 

failure of Platform 10 in Ike was due to foundation overturning failure. 
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Figure 8.16: Photograph Showing Failure of Platform 10 in Hurricane Ike (after Energo 

Engineering 2010). 

 

8.8 DISCUSSION 

8.8.1 Agreement between Predicted and Actual Capacities 

The overturning failure of the foundation system supporting Platform 10 was 

dominated by the pull-out failure of Pile C. The maximum hurricane load is about the 

same as the maximum overturning capacity of the foundation system (Figure 8.12). This 

comparison shows that the actual pull-out capacity of Pile C in Hurricane Ike was about 

the same as the predicted axial capacity in tension (Figure 8.7). If a factor of safety 

against pull-out failure of Pile C is defined as the overturning capacity of the foundation 

system divided by the overturning load in Ike, the factor of safety of this pile was 

approximately 1.0 when it failed (Figure 8.12). 
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This case history provides information of a large-scale pull-out test on a pile 

foundation embedded in marine clays. The predicted and observed tensile capacities of 

this pile are approximately 3,600 kips. The capacity is more than 50 % higher than the 

second largest pull-out test in the pile load database (Olson and Dennis 1982), upon 

which the American Petroleum Institute (2000) design guidance for axial pile capacity in 

clays was developed. (Figure 8.17). The sampling and testing methods used to obtain 

geotechnical design information for this case study platform foundation are consistent 

with the state of practice in the industry. The piles were installed in 2003 and loaded by 

Hurricane Ike in 2008. The 5-year set-up time is probably longer than the set-up time for 

any other pile load tests in this database. 

 

 

Figure 8.17: Pile Load Database Used to Develop American Petroleum Institute (2000) 

Design Guidance for Axial Capacity in Clays with Inferred Capacity of Pile 

C (after Najjar 2005). 
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The tensile capacity of Pile C was also estimated using the Imperial College Pile 

(ICP) design method (Jardine et al. 2005). Significant soil input parameters in the ICP 

design method are peak and residual soil-on-steel interface friction angles (peak and 

ultimate), sensitivity (St) and yield stress ratio (YSR) of clays. Jardine et al. (2005) 

provided figures that correlate peak and ultimate to the plasticity index (PI) of soils. A 

design profile summarized in Table 8.6 was used to estimate the capacity of Pile C using 

the ICP design method. This profile was developed based on the index properties and 

shear strength measurements presented in FMMG (2001), which are summarized in Table 

8.7. 

Table 8.6: Design Profile for Tensile Capacity of Pile C using ICP Design Method. 

From Depth below 

Mudline (ft) 

To Depth below 

Mudline (ft) 
Sensitivity PI peak (deg.) ultimate (deg.) 

0 10 2.3  64  18 11 

10 45 3.5  43  21 15 

45 220 2.8  49  20 14 

 

The yield stress ratio (i.e., overconsolidation ratio, OCR) is probably the most 

uncertain variable because tests to characterize the yield stress ratio is not routinely 

performed for offshore pile designs in the Gulf of Mexico and was not performed in this 

case. As such, correlations based on index properties or shear strength measurements 

were used to estimate the yield stress ratio (Figure 8.18). Axial pile capacity is dominated 

by soils along the lower one-third of the pile length, in this case between a depth of 150 

feet and 220 feet below the mudline. In this depth range, the yield stress ratio is 

approximately 1.1, which represents a slightly overconsolidated marine clay profile. 
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Table 8.7: Summary of Index Properties and Shear Strength Measurements from Soil 

Investigations for Platform 10 (after FMMG 2001). 

Depth below 

Mudline (ft) 
LL PL 

w 

(%) 
PI LI 

su,undisturbed 

(ksf) 

su,remolded 

(ksf) 
Sensitivity Type of Test 

1.5 87 26 100 61 1.21 
    

2 
     

0.07 0.03 2.3 Miniature Vane 

4.5 91 24 95 67 1.06 0.07 0.03 2.3 Miniature Vane 

7.5 87 24 83 63 0.94 
    

10 64 22 76 42 1.29 0.12 0.04 3.0 Miniature Vane 

11 
     

0.31 0.07 4.4 Miniature Vane 

13.2 64 21 53 43 0.74 
    

16 60 18 52 42 0.81 
    

20 64 20 51 44 0.70 
    

23 70 21 50 49 0.59 
    

28 61 19 44 42 0.60 
    

31.5 
     

1.02 0.26 3.9 UU 

35 62 19 44 43 0.58 
    

40.5 
     

1.01 0.36 2.8 UU 

41 63 21 45 42 0.57 
    

47 72 22 48 50 0.52 
    

49.5 
     

1.13 0.34 3.3 UU 

58 71 21 47 50 0.52 
    

67.5 
     

1.17 0.54 2.2 UU 

87.5 
     

1.19 0.6 2.0 UU 

88 68 25 43 43 0.42 
    

107.5 
     

1.72 0.5 3.4 UU 

118 83 24 48 59 0.41 
    

127.5 
     

2.17 0.78 2.8 UU 

147.5 
     

1.69 0.83 2.0 UU 

148 73 25 41 48 0.33 
    

167.5 
     

2.79 0.74 3.8 UU 

176.8 72 25 41 47 0.34 
    

187.5 
     

2.53 0.82 3.1 UU 

207.5 
     

2.78 1.11 2.5 UU 

208 76 27 40 49 0.27 
    

227.5 
     

3.52 1.45 2.4 UU 
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Figure 8.18: Profile of Yield Stress Ratio based on Correlations with Index Properties 

and Shear Strength Measurements. 
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performed to assess the degree of progressive failure but did not provide their 

recommendations on details for the analyses (e.g., t-z curves). In this back analysis, 

capacities corresponding to peak and residual side shear mobilizing along the entire pile 

length were calculated to provide bounds for the maximum tensile capacity according to 

the ICP design method. Table 8.8 shows that for a yield stress ratio ranging from 1.1 to 

1.5, the peak and residual capacities encompass the maximum tensile capacity 

determined from a t-z analysis following the American Petroleum Institute (2000) design 

guidance (i.e., 3,630 kips in Figure 8.7 and Table 8.2). The t-z analysis indicates that the 

maximum capacity is half way between the peak and residual capacities; hence, an 

average capacity was also calculated to represents, approximately, the maximum capacity 

according to the ICP design method. The ICP design method predicted the tensile 

capacity of Pile C reasonably well with a yield stress ratio of 1.5. However, the difference 

between peak and residual capacities is larger from the ICP design method than from the 

API design guidance (i.e., 3,200 kips to 4,000 kips). 

Table 8.8: Tensile Capacity of Pile C according to ICP Design Method. 

Yield Stress 

Ratio 

Capacity using Peak 

Side Shear (kips) 

Capacity using Residual 

Side Shear (kips) 

Average 

Capacity 

(kips) 

1 3560 2440 3000 

1.1 3710 2540 3120 

1.2 3850 2640 3240 

1.3 3980 2730 3360 

1.4 4110 2820 3470 

1.5 4240 2900 3570 
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8.8.2 Importance of Strain Softening and Compatibility 

Strain softening and compatibility are important in estimating the axial capacity 

of piles (e.g., Murff 1975 and 1980, Kraft et al. 1981b and 1981c, Randolph 1983 and 

Dunnavant et al. 1990). FMMG (2001) followed the American Petroleum Institute (2000) 

guidance to design the piles supporting Platform 10. However, the axial capacity profiles 

presented in FMMG (2001) were developed assuming peak side shear mobilizing along 

the entire pile length. In addition, the peak end bearing capacity was added directly to the 

peak side shear capacity for piles loaded in compression. FMMG (2001) also assumed 

that soil plugs would form inside the open-ended, steel pipe piles. As such, the gross end 

area of the pile was used to calculate the end bearing capacity for piles loaded in 

compression. Reverse end bearing for piles in tension was ignored. 

The effects of strain softening and compatibility were not included in the design 

axial capacity profiles (Figure 8.19). It is commonplace for geotechnical engineers 

developing these profiles to make similar assumptions in their preliminary analysis of 

pile capacities because they do not know the exact pile wall thickness schedule and, 

therefore, cannot estimate the maximum capacity of piles considering strain softening and 

compatibility. To remedy this lack of information, FMMG (2001) provided the axial 

load-transfer data (t-z and Q-z curves) in the geotechnical report for the structural 

engineers to perform a detailed t-z analysis when the pile wall thickness schedule was 

finalized by the structural engineers. A t-z analysis would be able to account for strain 

softening and compatibility in the mobilized pile capacity. 

Evidence found in the platform records indicates that structural engineers used the 

design axial capacity profiles in FMMG (2001) directly to size the piles (e.g., Figure 

8.19). As a result, Pile C was designed to carry 4,000 kips (corresponding to peak side 

shear being mobilized along the entire pile length), whereas the maximum tensile 
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capacity of this pile is approximately 3,600 kips and the residual capacity is only 3,200 

kips. Figure 8.20 presents two capacity interaction curves of this foundation system in 

Hurricane Ike loading direction, one of which was developed assuming peak side shear 

and peak end bearing and the other assuming residual side shear and peak end bearing, 

which correspond to the condition at large pile displacements when the foundation 

system failed in Ike. As shown, strain softening and compatibility have a significant 

effect on the overturning capacity of this foundation system. 

Performing a t-z analysis in design would be able to account for the effects of 

strain softening and compatibility on axial pile capacity. However, such an analysis 

requires the collaboration between structural and geotechnical engineers. A complete pile 

wall thickness schedule provided by the structural engineer is necessary to perform this 

analysis. The magnitude of strain softening and displacement levels to reach peak and 

residual side shear need to be established by a geotechnical engineer via t-z curves and 

the load-displacement relationship for end bearing also needs to be established via a Q-z 

curve. This interactive process means that a geotechnical engineer needs to be involved in 

the final design of the foundation system. The current practice, whereby the geotechnical 

engineer provides a geotechnical report summarizing pile capacity profiles and load-

transfer data to the structural engineer, who then designs the structure and foundation 

system, is not ideal. At a minimum, the structural analysis using the load transfer data 

needs to be reviewed by the geotechnical engineer to ensure that strain softening and 

compatibility are explicitly taken into account. 

Alternatively, the minimum pile wall thickness specified in American Petroleum 

Institute (2000) can be used in a t-z analysis to estimate the maximum axial capacity of a 

pile. Using the minimum wall thickness will result in a conservative estimate of the 

maximum capacity. For example, the minimum wall thickness required for the 48-inch 
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diameter piles supporting Platform 10 is 0.75 inch; the maximum tensile capacity 

assuming this wall thickness for Pile C is 3,580 kips, which is slightly less than the 

maximum tensile capacity of this pile (i.e., 3,630 kips). 

 

 

Figure 8.19: Design Axial Capacity Profiles for 48-inch Diameter Steel Pipe Piles 

Supporting Platform 10 (after FMMG 2001). 
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Figure 8.20: Foundation System Capacity Interaction Curves of Platform 10 in Hurricane 

Ike Loading Direction Corresponding to Peak Side Shear and Residual Side 

Shear Mobilizing along Entire Pile Lengths. 
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Sensitivity analyses were performed by increasing and decreasing the axial and 

lateral soil capacities acting on one of the piles by 30 %. The 30 % variation reflects 

possible variations in soil properties and driving conditions between piles. It corresponds 

roughly to the coefficient of variation between measured and predicted capacities of 

individual piles (e.g., Tang and Gilbert 1992). Figure 8.21 presents the capacity 

interaction curves of this foundation system due to increasing and decreasing the axial 

and lateral soil capacities of Piles A, B and C by 30 %. Pile C is the most influential pile 

of this foundation system in Hurricane Ike loading direction (Figure 8.21). The reasons 

are because Pile C is further away from the axis of rotation than Piles A and B and its 

batter is more effective in resisting overturning moment in Hurricane Ike loading 

direction (Figure 8.1). Figure 8.21 also shows that this foundation system is less robust in 

an overturning-dominated failure than in a shear-dominated failure. 

Pile A housed a well conductor. The conductor casings might extend deeper 

below the bottom of this pile. Additionally, the annuli between these telescoping casings 

and the pile might be grouted. As a result, the axial soil capacity acting on the pile and 

conductor casings and structural capacity (including axial and moment capacities) of the 

composite pile and conductor section can be greater than the capacities based on the pile 

alone. However, these potential reserve capacities in the foundation system due to the 

presence of a well inside Pile A was not effective in resisting the overturning moment in 

Ike because the overturning capacity of the foundation system is not sensitive to the axial 

and lateral capacities of Pile A (Figure 8.21). 
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Figure 8.21: Sensitivity of Foundation System Capacity to Axial and Lateral Soil 

Capacities of (a) Pile A, (b) Pile B and (c) Pile C in Hurricane Ike Loading 

Direction. 
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surprisingly high. One possible explanation is that tripods have no redundancy and very 

little robustness. If one of the braces, legs or piles is damaged, there are very few 

alternative load paths to transfer the loads. A robustness check is warranted in design to 

ensure that tripods can still function minimally and have alternative load paths should it 

sustain damage to the jacket or foundation. 

Table 8.9: Summary of Destroyed versus Exposed Platforms in Hurricanes Gustav and 

Ike based on Number of Piles (Energo Engineering 2010). 

Structure Type Exposed Destroyed Percent Destroyed 

Caisson 819 9 1.1% 

Tripod 237 11 4.6% 

4-Pile 919 27 2.9% 

4-Pile (Skirt Piles) 26 1 3.8% 

6-Pile 90 2 2.2% 

6-Pile (Skirt Piles) 1 0 0.0% 

8-Pile 304 8 2.6% 

8-Pile (Skirt Piles) 38 2 5.3% 

10-Pile 12 0 0.0% 

12-Pile 14 0 0.0% 

More than 12-Pile 25 0 0.0% 

Total 2485 60 2.4% 

 

8.8.4 Uncertainty in Hurricane Load 

The maximum load in Hurricane Ike on the foundation system supporting 

Platform 10 was derived by propagating hindcast wave, wind and current conditions 

through the jacket platform in the 3-D model. These conditions are uncertain given the 

complexity of hindcasting waves, winds and currents in a hurricane. Additionally, the 

drag coefficient used in the 3-D model to develop the load acting on each member of the 

jacket is uncertain. For example, marine growth may affect the drag coefficient in 
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addition to the effective size of the structural members. If the waves hit the deck of the 

jacket platform, the base shear and overturning moment on the foundation system 

become more uncertain; note that there is no evidence that Platform 10 experience wave-

in-deck loading in Hurricane Ike. Section 8.6 shows that there is potentially a greater 

uncertainty involved in estimating the overturning moment than in estimating base shear 

on the foundation system because overturning moment includes both forces and their 

locations of application. Energo Engineering (2010) also pointed out that tripods in more 

than 200 feet of water are more dynamically sensitive to wave loading and the forces on 

these tripods may be amplified in severe hurricanes. As a result, the approach of 

propagating wave, wind and current conditions through the jacket platform to estimate 

the maximum hurricane load on the jacket and its foundation system may underestimate 

the load; a full dynamic analysis of the jacket platform may be necessary to estimate the 

maximum load on the jacket and its foundation system. 

The above uncertainties in hurricane load and foundation system capacity mean 

that the actual capacity of Pile C is uncertain because it was not measured in a 

conventional pile load test but was inferred from hurricane loading on a full-scale 

foundation system. Nevertheless, the state of the art in hindcasting waves, winds and 

currents and estimating hydrodynamic loads on offshore structures was utilized to assess 

the maximum hurricane load on the foundation system. Additional discussions relating to 

the uncertainties in load and capacity and how these uncertainties may affect the 

reliability of a foundation system is presented in Chapter 10. 
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8.9 SUMMARY 

A case history is presented in this chapter to document the failure of a pile 

foundation system supporting a 3-leg jacket platform in Hurricane Ike. This case of 

foundation failure is rare and provides insights to the performance of a full-scale 

foundation system in a severe hurricane. The lack of system robustness and the effects of 

strain softening and compatibility on the mobilized side shear resistance along the piles 

were accountable for this failure. The 3-pile foundation system failed due to the pull-out 

failure of the most heavily loaded pile. The factor of safety of this pile at the time when it 

failed was approximately 1.0. The inferred pull-out capacity of this pile was 

approximately 3,600 kips. This case history provides information of a large-scale field 

test on a pile foundation embedded in marine clays with a set-up time of 5 years. It 

contributes a data point (with the largest capacity) to the pile load database used to 

develop the American Petroleum Institute (2000) design guidance for axial pile capacity 

in clays. 
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Chapter 9:  Case Study of Unexpected Survival of Foundation System 

 

9.1 INTRODUCTION 

This chapter presents a case study of an 8-pile foundation system supporting 

Platform 31 that unexpectedly survived the loading in Hurricane Ike. This case history 

provides insights to the performance of a foundation system in a potential combined 

shear and overturning failure mechanism. The system capacity of this foundation in the 

potential failure mechanism is contributed significantly by both axial and lateral 

capacities of piles. Hence, the survival of this foundation system can be explained with 

both more realistic lateral capacity and axial capacity assumptions. Additionally, this 

platform is unique because it consists of two jacket structures that were connected 

structurally above the sea level. Whether the two jackets behaved as an integral structure 

or two independent structures in the hurricane depends on the rigidity and strength of the 

connections. This chapter presents lessons learned from analyzing this unique foundation 

system. 

 

9.2 DESCRIPTIONS OF PLATFORM 31 

Platform 31 consists of two 4-leg jacket structures, designated as Structure A and 

Structure P. These structures are connected together at three different levels above the 

water, including the main deck, cellar deck and top of jacket (Figure 9.1). They are 

located in approximately 100 feet of water in the Gulf of Mexico. They were installed 

around 1970 and loaded by Hurricane Ike in 2008. Structure A was installed a few years 

after Structure P. Figure 9.2 shows a rendering of Platform 31 in the 3-D structural model 
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used for the post-hurricane assessment. Figure 9.3 shows a plan view of the foundation 

system supporting this platform. 

 

 

Figure 9.1: Photograph of Platform 31 (after Energo Engineering 2009b). 

Piles 1 to 4 (Figure 9.3) are 42-inch diameter, open-ended, steel pipe piles 

supporting Structure A. These piles were fabricated using A36 steel, driven in segments 

and welded in the field. They are 180-ft long and battered at 1-horizontal to 12-vertical 

(1H: 12V) in both directions. 

Piles 5 to 8 (Figure 9.3) are 36-inch diameter, open-ended, steel pipe piles 

supporting Structure P. These piles were also fabricated using A36 steel, driven in 

segments and welded in the field. They are 180-ft long and battered at 1-horizontal to 8-

vertical (1H: 8V) in both directions. The pile wall thickness schedule is summarized in 

Table 9.1. Platform 31 is not equipped with any well conductors. 
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Figure 9.2: Rendering of Platform 31 in 3-D Structural Model (after Energo 

Engineering 2009b). 
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Figure 9.3: Foundation Plan of Platform 31 (after GEMS 2009). 

Table 9.1: Pile Wall Thickness Schedule for Platform 31. 

Segment 

No. 

Piles 1 to 4 Piles 5 to 8 

Penetration 

below Mudline 

(ft) 

Wall 

Thickness 

(inch) 

Penetration 

below Mudline 

(ft) 

Wall 

Thickness 

(inch) 

7 0 to 25 2.0 0 to 30 1.5 

6 25 to 35 1.75 30 to 40 1.125 

5 35 to 85 1.5 40 to 50 1.0 

4 85 to 95 1.25 50 to 80 0.75 

3 95 to 105 1.0 80 to 175 0.5 

2 105 to 175 0.75 175 to 180 0.75 

1 175 to 180 1.0 N/A 

 

 

Y (North) 

X 

3 8 4 7 

Structure P Structure A 

1 2 5 6 

Loading 

Direction 

 

Structures A and P are separate but structurally connected 4-leg jackets 
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9.3 SUBSURFACE CONDITIONS 

A site-specific soil boring is not available for this platform. It is unclear whether a 

site-specific soil boring was not drilled for the design of this platform around 1970 or it 

was drilled but the boring log was lost due to nearly 40 years of operation and potential 

changes of ownership. The nearest available soil boring used in the post-hurricane 

assessment was drilled by Fugro Gulf, Inc. in 1979. This boring is located about half a 

mile away from the location of Platform 31 (Energo Engineering 2009b). Fugro Gulf, 

Inc. used sampling and testing methods consistent with the state of practice in the 1970’s 

and early 1980’s to drill this boring. The field crew advanced the borehole through an 

open well fabricated through the deck and hull of a drilling vessel, with a conventional 

rotary drilling technique, using a 3.5-inch outside diameter (OD) drill pipe with an open-

ended bit. They obtained samples through the open bore of the drill pipe at 3-ft intervals 

to 40-ft penetration, 5-ft intervals from 40 to 60-ft penetration and 10-ft intervals to the 

final depth of the boring, 400 feet. They drove a 2.5-inch OD thin-walled tube sampler 

with a 165-pound sliding hammer to obtain cohesive soil samples. The hammer was 

raised with the wire line and dropped approximately five feet a sufficient number of times 

to obtain 18 to 24 inches of sampler penetration or until driving resistance became 

excessive. The actual length of each sample was measured after the sampler was retrieved 

and this value was used to compute the average number of blows per foot of penetration 

required to advance the sampler at that depth. As such, these samples are relatively 

disturbed samples obtained using the wire-line percussion technique. 

Field crew from Fugro Gulf, Inc. extruded soil samples from the samplers and a 

soil engineer examined and visually classified them on board. A part of each cohesive 

soil sample was tested in the laboratory on board to determine its shear strength and unit 

weight. Remaining portions of the cohesive soil samples and a part of each cohesionless 
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soil samples were then sealed in moisture-tight containers for transportation to the 

laboratory in Houston for additional testing. Shear strength tests performed on cohesive 

soil samples on board included miniature vane shear tests run prior to extruding samples 

from the thin-walled samplers and unconfined compression tests on selected samples 

after they were removed from the sampling tubes. Shear strength tests were also 

performed using a pocket penetrometer and a torvane device. The detailed laboratory 

shear strength testing program included unconfined compression tests and 

unconsolidated-undrained and consolidated-drained triaxial compression tests. Moisture 

contents and unit weights were measured in conjunction with each compression test. 

Additional measurements of moisture contents, liquid and plastic limits, grain size 

distributions and unit weights were also performed. Figure 9.4 presents the boring log 

with laboratory testing results. 

The soil profile developed by Fugro Gulf, Inc. (1979) includes six different soil 

strata (Table 9.2). Because the piles supporting Platform 31 are all 180 feet in length, 

they all terminate in Stratum II, medium dense to very dense, brown, fine sand. Only 

Strata I and II contribute to pile capacities for this platform; the axial capacities of piles 

are dominated by Stratum II because the end bearing capacity in sand is significant, 

whereas the lateral capacities of piles are dominated by Stratum I up to a depth of 50 feet 

or so below the seafloor. Stratum I is a soft to stiff gray clay. Its undrained shear strength 

generally increases with increasing depth (Figure 9.4). Since this soil boring is not a site-

specific boring, significant variability can be expected between the actual location and 

density of the sand layer at the platform location and those shown in Figure 9.4. As such, 

the axial capacities of piles can be very different from the capacities estimated based on 

Figure 9.4. 
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Figure 9.4: Soil Boring Log with Laboratory Testing Results (Fugro Gulf, Inc. 1979). 
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Table 9.2: Soil Stratigraphy Inferred from Boring One-Half Mile Away from Platform 

31 (Fugro Gulf, Inc. 1979). 

Stratum Depth Interval (feet) Soil Description 

I 0 to 160 Soft to Stiff Gray Clay 

II 160 to 188 Medium Dense to Very Dense Brown Fine Sand 

III 188 to 218 Firm to Stiff Brownish Gray Clay 

IV 218 to 240 Medium Dense to Very Dense Gray Fine Sand 

V 240 to 350 Stiff to Very Stiff Gray Clay 

VI 350 to 400 Medium Dense to Very Dense Brownish Gray Silt 

 

9.4 PILE CAPACITIES 

Figure 9.5 presents the design unit weight and shear strength profiles 

recommended by Fugro Gulf, Inc. (1979). Once again, only the first two strata are 

relevant to the capacities of piles supporting Platform 31. The design undrained shear 

strength generally increases with increasing depth. A nominal undrained shear strength 

profile corresponding to a rate of increase of 10 psf/ft for normally consolidated marine 

clays is also shown in Figure 9.5. The clays above a depth of 160 feet below the seafloor 

as shown in the boring log (Figure 9.4) and design profile (Figure 9.5) are more or less 

normally consolidated clays (i.e, slightly overconsolidated at shallower depths and 

normally consolidated or, perhaps, underconsolidated at greater depths). These types of 

clays are known to exhibit strain softening in the undrained shear strength and mobilized 

side shear resistance for piles. 
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Figure 9.5: Design Shear Strength and Submerged Unit Weight Profiles for Platform 31 

(after Fugro Gulf, Inc. 1979). 

 

9.4.1 Axial Capacity 

Detailed t-z analyses were not performed to estimate the capacities of piles 

supporting Platform 31, as the only available soil boring is not a site-specific boring and 

the axial capacities are affected by soil stratigraphy and density of the sand layer near the 

pile tips more than by the magnitude of strain softening for pile capacity in clays in this 

case. Ultimate axial capacity profiles for the 42 and 36-inch diameter piles supporting 
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Platform 31 were developed following the guidance in American Petroleum Institute 

(2000) and are presented in Figures 9.6 and 9.7. These capacity profiles were developed 

using residual side shear for clays, assuming a residual-to-peak side shear ratio (tres/tmax) 

of 0.8. The residual side shear for clays and peak side shear and end bearing for sands 

were used to calculate ultimate pile capacities since both side shear and end bearing in 

sands increase with increasing displacements. As such, the ultimate capacity profiles 

shown in Figures 9.6 and 9.7 reflect the capacities at large axial pile displacements when 

end bearing capacities are fully mobilized. The tip displacements required to fully 

mobilize the end bearing capacities are expected to be about 10 % of the pile diameter, 

which is approximately 4 inches for these piles. 

 

 

Figure 9.6: Ultimate Axial Capacity Profiles for Piles 1 to 4 Supporting Platform 31. 
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Figure 9.7: Ultimate Axial Capacity Profiles for Piles 5 to 8 Supporting Platform 31. 

Reverse end bearing for piles loaded in tension was excluded in these pile 

capacity profiles; therefore, the difference between pile capacities in compression and in 

tension is the end bearing capacity. Figures 9.6 and 9.7 show that the portion of pile 

capacity contributed by the medium to very dense sand (i.e., side shear and end bearing 

for the 20-ft pile segment in sand) is about 65 % of the total axial capacity in 

compression for these piles. Additionally, the portion of side shear capacity contributed 

by the medium to very dense sand is about 30 % of the total axial capacity in tension. As 

illustrated, the location and density of the sand layer near the pile tips have a significant 

effect on the axial capacities of piles both in compression and in tension. 
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9.4.2 Lateral Capacity 

The unit lateral bearing capacity of soils (pu) from the mudline to a depth of 50 

feet below the mudline is presented in Figure 9.8. The guidance in American Petroleum 

Institute (2000) was followed to calculate the lateral bearing capacities of clays under 

both static and cyclic loading conditions. Laboratory and field observations (e.g., Murff 

et al. 1993 and Jeanjean 2009) indicated that static lateral bearing capacity is more 

representative for piles and conductors loaded to lateral bearing capacity failure in severe 

loading conditions, such as those in a hurricane. Cyclic degradation due to smaller load 

cycles prior to the hurricane loading does not affect the ultimate lateral bearing capacity 

of soils. As shown in Figure 9.8, the static lateral bearing capacity of soils is about 6 to 

10 psi higher than the cyclic lateral bearing capacity. 

Both profiles in Figure 9.8 were used to estimate the lateral capacities of piles for 

Platform 31. The lateral capacities of piles were then incorporated in the simplified 

foundation collapse model to estimate the foundation system capacities of Platform 31 

considering both static and cyclic loading conditions. 
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Figure 9.8: Ultimate Lateral Bearing Capacity Profiles for Piles Supporting Platform 31 

under Static and Cyclic Loading Conditions. 
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clays and peak side shear and end bearing in sands. Lateral bearing capacities 

corresponding to both static and cyclic loading conditions (Figure 9.8) were used in 

developing the foundation system capacity. The state of practice at this time is still using 

cyclic p-y curves for ultimate-strength pushover analyses in post-hurricane platform 

assessments. Therefore, the base case foundation system capacity interaction curve is the 

one developed using cyclic p-y curves (Figure 9.9). The maximum load in Hurricane Ike 

on the foundation system is also presented in Figure 9.9. More discussions will be 

presented in Section 9.6 on the development of this maximum load. 

 

 

Figure 9.9: Foundation System Capacity Interaction Curves using Cyclic and Static p-y 

Curves for Platform 31 in Hurricane Ike Loading Direction. 
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According to the base case foundation system capacity and maximum hurricane 

load in Ike (Figure 9.9), a combined shear and overturning failure of the foundation 

system is expected. Using static versus cyclic p-y curves results in an increase in the 

shear capacity of the foundation system but it does not increase the overturning capacity. 

However, due to the interaction between shear and overturning capacities in the potential 

combined failure mechanism, the foundation system capacity increases slightly in this 

region and moves closer to the maximum load in Ike (Figure 9.9). Even with the more 

realistic lateral bearing capacity assumption (i.e., using static p-y curves), the foundation 

system capacity is still less than the maximum load in Ike, indicating a potential failure of 

the foundation system. 

 

9.6 HURRICANE LOAD ON FOUNDATION SYSTEM 

Hurricane Ike passed near Platform 31 in 2008. Ike generated significant waves, 

winds and currents. At the platform location, the maximum wave height was about 59 

feet and the maximum wind speed was about 55 knots (63 miles per hour). 

An analysis was performed using SACS by propagating the hindcast wave, 

wind and current conditions in Hurricane Ike at the platform location through the 3-D 

model to estimate the maximum load on the platform structure and its foundation during 

the hurricane. The hindcast conditions are summarized in Table 9.3. 

Table 9.3: Hindcast Conditions in Hurricane Ike at Platform 31. 

Wave Wind Current 

Maximum Wave 

Height (ft) 

Period 

(s) 

Direction 

(deg.) 

Speed 

(knots) 

Direction 

(deg.) 

Speed 

(knots) 

Direction 

(deg.) 

58.6 14.4 138 55 Not Available 2.7 185 

The directions of wave, wind and current are counterclockwise from the east direction 

(see Figure 9.3). 
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The output forces and moments relative to the projection of the structural origin 

on the mudline are summarized in Table 9.4. The structural origin (O) in the 3-D model 

developed for this analysis is located at the center of Structure A at the waterline (Figure 

9.10). As such, the forces and moments in Table 9.4 are relative to the projection of O on 

the mudline. The line of vertical force, however, is not coincident with the structural 

origin; it goes through a point (O’) that is about 43 feet east (i.e., in the +x direction) and 

3 feet south (i.e., in the –y direction) of the projection of O on the mudline (Figure 9.10). 

Therefore, the base shear and overturning moment on the foundation system cannot be 

obtained directly using Equations 5.1 and 5.2. 

SACS also reports forces on the structure in three orthogonal directions (Fx, Fy 

and Fz) and the locations where these forces are applied relative to the structural origin 

(rO_Fx, rO_Fy and rO_Fz). Table 9.5 presents the forces and the locations where they are 

applied. Using the principles of vector mechanics (e.g., Beer and Johnston 1988), the 

three orthogonal forces can be resolved into forces and moments at any location. If these 

forces are resolved at a location on the mudline where the line of vertical force goes 

through (O’), Equations 5.1 and 5.2 can then be used directly to obtain the base shear and 

overturning moment on the foundation system because the vertical force does not 

contribute to overturning moment in this case. Figure 9.11 illustrates the principles of 

vector mechanics and provides an example calculation used to determine the base shear 

and overturning moment on the foundation system of Platform 31. 

Table 9.4: Hindcast Forces and Moments Relative to Projection of Structural Origin 

(O) on Mudline in 3-D Model. 

Fx Fy Mx My 

(kips) (kips) (ft-kips) (ft-kips) 

-3452  2518  -261299  -266233  

Total vertical force including self weight, equipment loads and buoyancy is 1855 kips. 
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Figure 9.10: Structural Origin and Line of Vertical Force in the 3-D Model. 

Table 9.5: Three Orthogonal Forces and Their Application Locations Relative to 

Structural Origin. 

 Force, 

Fx 

Location 

Vector, rO_Fx 
 Force, 

Fy 

Location 

Vector, rO_Fy 
 Force, 

Fz 

Location 

Vector, rO_Fz 

x y z x y z x y z 

(kips) (ft) (ft) (ft) (kips) (ft) (ft) (ft) (kips) (ft) (ft) (ft) 

-3452 48  1  4  2518 50  1  9  -1855 43  -3  15  
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Figure 9.11: Illustration of Vector Mechanics Principles and Example Calculation to 

Determine Base Shear and Overturning Moment on Foundation System of 

Platform 31. 

The base shear and overturning moment calculated in Figure 9.11 were used to 

plot the “Maximum Load in Ike” on the foundation system capacity interaction diagram 

of Platform 31 (Figure 9.9). Note that O’ is also the origin defined in the simplified 

foundation collapse model where the line of vertical force goes through. In other words, 

both the maximum load in Ike and foundation system capacity were developed and 

compared with respect to the same reference location. This reference location is 

convenient because the line of vertical force goes through it; therefore, the vertical force 

does not contribute to the overturning moment in the load or in the capacity. 

 

Fx

Structural 

Origin (O)

O’

Fz

Fy

rO_Fx

rO’_Fx= rO_Fx - rO_O’

rO_O’

Fx can be resolved into a force 

(Fx) and a moment (MO’_Fx)  at O’ 

where:

MO’_Fx= rO’_Fx x Fx

Similarly, Fy and Fz can also be 

resolved at O’.

MO’_F= (Mx, My, Mz)

MO’= sqrt(Mx2+My2)

PH= sqrt(Fx2+Fy2)

Example Calculation

Fx= -3452 kips Fy= 2518 kips Fz= -1855 kips

x y z x y z x y z

rO_F (ft)= 48 1 4 50 1 9 43 -3 15

rO_O' (ft)= 43 -3 -97 43 -3 -97 43 -3 -97

rO'_F (ft)= 5 4 101 7 4 106 0 0 112

MO'_F (ft-kips)= 0 -347006 14466 -267424 0 16390 0 0 0

MO'_F (ft-kips)= -267424 -347006 30856

MO ' (ft-kips)= 438096 (Overturning Moment at O')

PH (kips)= 4273 (Base Shear at O')
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9.7 PERFORMANCE IN HURRICANE IKE 

Platform 31 survived the loading in Hurricane Ike without any evidence of 

damage in the foundation. A post-Ike inspection revealed several damaged structural 

members, primarily located at Structure P (Energo Engineering 2009b). Figure 9.12 

shows the locations of observed structural damage. 

The base case foundation system capacity developed using the nearest available 

soil boring, which is about one-half mile away from Platform 31, with cyclic p-y curves 

is less than the maximum load in Hurricane Ike (Figure 9.9). The potential failure 

mechanism is a combined shear and overturning failure mechanism. Even with a more 

realistic lateral soil capacity assumption using static p-y curves, the foundation system 

capacity is still less than the maximum load in Ike (Figure 9.9). The better-than-expected 

performance of this foundation system can be contributed by the following reasons: 

 Other structural factors that were not accounted for in the analysis contribute 

to the higher-than-expected foundation capacity. 

 The available soil boring does not accurately reflect the subsurface 

conditions used to estimate foundation capacity. 

 The American Petroleum Institute (2000) design guidance for foundation 

capacity is conservative. 

 The estimated hurricane load from the 3-D model is higher than it really was. 

Among the above possibilities, the first two reasons seem more likely than the last 

two. Their effects are examined in Section 9.8. 
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Figure 9.12: Observed Structural Damage in Platform 31 (after Energo Engineering 

2009b). 

 

9.8 DISCUSSION 

9.8.1 Importance of Structural Factors 

Structural factors are important for the performance of the foundation system 

supporting Platform 31. Figure 9.9 shows that even with the more realistic lateral soil 

capacity assumption using static p-y curves, the survival of this foundation system in 

Hurricane Ike still cannot be explained. Figure 9.13 present the foundation system 

capacity interaction curve developed using both static p-y curves and more realistic yield 

stress for steel piles that is 15 % higher than the nominal value of 36 ksi. The foundation 
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system capacity in the combined shear and overturning failure mechanism increases to a 

point that is very close to the maximum load in Hurricane Ike. Furthermore, when the 

contribution of jacket leg stubs that penetrate 12 and 10 feet below the mudline under 

Structures A and P, respectively, is considered, the foundation system capacity increases 

further and the survival of this foundation system in Hurricane Ike can well be explained 

(Figure 9.14). 

 

 

Figure 9.13: Base Case and Upgraded (using Static p-y Curves and Higher Yield Stress 

for Piles) Foundation System Capacity Interaction Curves of Platform 31 in 

Hurricane Ike Loading Direction. 
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Figure 9.14: Base Case and Upgraded (using Static p-y Curves and Higher Yield Stress 

for Piles and Modeling Leg Stubs) Foundation System Capacity Interaction 

Curves of Platform 31 in Hurricane Ike Loading Direction. 

Figures 9.9, 9.13 and 9.14 show that even if the three factors (i.e., lateral soil 

capacity, yield stress for piles and jacket leg stubs) affect the shear capacity of the 

foundation system primarily, they also increase foundation system capacity in the 

combined shear and overturning failure mechanism due to the interaction between shear 

and overturning capacities in this region. Furthermore, their effects seem to be synergistic 

and multiplicative; in other words, the presence of one factor enhances the effects of 

other factors. For example, the fact that the yield stress of piles is higher than its nominal 

value makes the effect of increasing lateral soil resistance from cyclic to static p-y curves 

more significant than the case where the yield stress is only at its nominal value 

(comparing the dark blue and light blue curves in Figure 9.15). 
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Figure 9.15: Effects of Individual versus Combination of Factors on Foundation System 

Capacity of Platform 31 in Hurricane Ike Loading Direction. 

Structural factors affect foundation system capacity both directly and indirectly. 

For example, the yield stress for piles and presence of jacket leg stubs affect foundation 

system capacity directly. The rigidity and strength of the jacket affect foundation system 

capacity indirectly. Because Platform 31 consists of two individual jacket structures that 

are connected above the water, the rigidity and strength of the connections can also affect 

foundation system capacity. If the connections were damaged or failed in the hurricane, 

the two jackets would have behaved more like individual structures; conversely, if the 

connections did not fail, the two jackets could behave like one integral structure. The 
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therefore, these eight piles worked together as a system to resist the hurricane load. A 

structural analysis is necessary to address the issues whether the connections failed or not 

and whether the two 4-pile foundation systems worked together or independently. 

According to the analysis performed by Energo Engineering (2009b), the connections 

seem to be strong enough to transfer the loads in Hurricane Ike, which is evident by the 

connections not failing in the pushover analysis. This result is also supported by post-

hurricane inspections that identified structural damage primarily at Structure P but not at 

Structure A or their connections (Figure 9.12). In reality, however, the rigidity and 

strength of these jackets and their connections may still affect foundation system 

capacity. As such, the foundation system capacity interaction curves presented herein 

likely represent the maximum capacities that the combined structural system can 

mobilize. With this consideration in mind, all three factors (i.e., lateral soil capacity, yield 

stress for piles and jacket leg stubs) are required to explain the survival of this foundation 

system in Ike (Figure 9.14). 

 

9.8.2 Importance of Site-Specific Soil Conditions 

According to the nearest available soil boring, the 180-ft long piles supporting 

this platform are tipping in a medium dense to very dense sand layer (Figure 9.4 and 

Table 9.2). The blow counts in this layer are 13 and 72 blows per foot of sampler 

penetration. As such, the density of sands in this layer varies significantly according to 

this boring, not to mention the actual density and location of the sand layer at the 

platform location, which is one-half mile away from the boring. 

Figure 9.16 presents a sensitivity analysis showing the effect of the density of the 

sand layer at the pile tips on foundation system capacity. Both foundation system 
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capacity interaction curves were developed using lateral soil resistance corresponding to 

static p-y curves and higher yield stress for piles (fY= 41.4 ksi). The only difference is 

that one interaction curve was developed assuming that piles are tipping in dense sand 

(qlim= 200 ksf) and the other curve was developed assuming that piles are tipping in very 

dense sand (qlim= 250 ksf), which is one category higher than dense sand according to the 

design guidance in American Petroleum Institute (2000). The higher density of the sand 

layer at the pile tips results in a higher overturning capacity of the foundation system, 

which makes it possible to explain the survival of the foundation system without 

considering the effect of jacket leg stubs that penetrate below the seafloor (Figure 9.16). 

 

 

Figure 9.16: Effect of Density of Sand at Pile Tips on Overturning Capacity of 

Foundation System Supporting Platform 31 in Hurricane Ike Loading 

Direction. 
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9.8.3 Effect of Shear Strength of Clays 

In addition to the possibility that density of the sand layer at the pile tips is higher 

than indicated in the available soil boring, the shear strength of the clays above the sand 

layer can also be higher or lower than indicated in the boring. Higher shear strength of 

clays results in higher axial and lateral capacities for the piles, which in turns, increase 

both shear and overturning capacities of the foundation system. 

Figure 9.17 presents a sensitivity analysis where the shear strength of clays above 

the sand layer was increased in an attempt to explain the survival of this foundation 

system without considering other factors. This approach appears to be a common practice 

among offshore structural engineers who perform post-hurricane platform assessments, 

most likely because of the perception among structural engineers that foundation capacity 

is directly proportional to the shear strength of soils and the performance of foundation 

systems in severe hurricanes seems to be better than predicted using the current design 

guidance. In this case, the undrained shear strength of clays needs to be increased by 

three times in order to explain the survival of this foundation system (Figure 9.17). A bias 

of three on the undrained shear strength of clays is probably out of the realm of the 

collective experience from the Gulf of Mexico operation in the last half century. 

Furthermore, Figure 9.17 shows that the increases in shear and overturning capacities of 

the foundation system are not directly proportional to the increase in the shear strength of 

clays. Even though the lateral bearing capacity (pu) of clay is proportional to its 

undrained shear strength, the second plastic hinges in the simplified foundation collapse 

model tend to form at shallower depths when the undrained shear strength is increased 

because the structural capacities of piles and conductors are exceeded at shallower depths 
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and, therefore, limit the mobilization of additional lateral soil capacity. As a result, the 

lateral soil capacity that a pile or conductor can mobilize is not directly proportional to 

the undrained shear strength of clays. 

 

 

Figure 9.17: Effect of Undrained Shear Strength of Clays on Shear and Overturning 

Capacities of Foundation System Supporting Platform 31 in Hurricane Ike 

Loading Direction. 
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unit side shear resistance is the product of and undrained shear strength. Hence, 

increasing the undrained shear strength of clays reduces  and, therefore, does not 

increase the unit side shear resistance in clays proportionally. 

Figure 9.18 presents an illustration of this effect. It considered an element of 

normally consolidated marine clay at a depth of 100 feet below the mudline. The 

submerged unit weight of the marine clay was assumed to be 35 pcf above this depth and 

the vertical effective stress is 3,500 psf. The undrained shear strength of the marine clay 

was assumed to be 900 psf, which corresponds to a c/p ratio of roughly 0.26. The 

undrained shear strength of this marine clay at a depth of 100 feet was increased by a 

range of multipliers from 1 to 10. The corresponding increases in the unit axial side shear 

resistance at this depth are presented in terms of a series of multipliers in Figure 9.18. In 

this example, to increase the axial side shear resistance by a factor of 2, the undrained 

shear strength needs to be increased by a factor of 4; to increase the axial side shear 

resistance by a factor of 4, the undrained shear strength needs to be increased by a factor 

of 10. As illustrated, the axial soil capacity is not directly proportional to the undrained 

shear strength of clays. 

Since the shear and overturning capacities of a foundation system depend strongly 

on the axial and lateral soil capacities, they are not directly proportional to the undrained 

shear strength of clays either. This conclusion explains why the undrained shear strength 

of clays had to be increased by 3 times in order to explain the survival of the foundation 

system supporting Platform 31 without taking into account other structural factors, which 

affect foundation system capacity more significantly. 
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Figure 9.18: Effect of Increasing Undrained Shear Strength on Axial Side Shear 

Resistance for Piles in Clays. 
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The potential failure mechanism is a combined shear and overturning failure 

mechanism. A variety of factors that affect the axial and lateral capacities of piles can be 

considered to explain the survival of this foundation system. Some examples considered 

in this case study include: 

 Using more realistic lateral soil resistance corresponding to static (versus 

cyclic) p-y curves, using average (versus nominal) yield stress for piles and 

modeling the contribution of jacket leg stubs, 

 Using more realistic lateral soil resistance corresponding to static p-y curves, 

using average yield stress for piles and assuming that piles are tipping in 

very dense sand (versus dense sand), and 

 Increasing the undrained shear strength of clays by three times. 

Among these alternatives to explain the survival of the foundation system, the 

first two alternatives are more realistic. The additional capacities in the structural system, 

such as higher yield stress and presence of leg stubs, which are not typically accounted 

for in the analysis can readily be considered to explain the survival of the foundation 

system. Also, a site-specific soil boring is not available for this case study and the nearest 

boring from one-half mile away does indicate that the sand layer at the pile tips can be 

very dense. Therefore, the assumption that the sand layer at the pile tips is very dense is 

probably justifiable. However, the last alternative to increase the undrained shear strength 

of clays by three times simply cannot be supported by any evidence or research findings 

available thus far. Unfortunately, this approach seems to be a common practice among 

offshore structural engineers who perform post-hurricane platform assessments. 

Although the real reasons why this foundation system survived the loading in 

Hurricane Ike cannot be confirmed due to the lack of a site-specific soil boring, this case 

study does highlight the importance of structural factors that contribute to foundation 
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system capacity. Additionally, these factors appear to work in a synergistic manner. It 

also underscores the fact that shear and overturning capacities of the foundation system 

are not directly proportional to the undrained shear strength of clays. As a result, 

increasing the undrained shear strength of clays to explain survivals of foundation 

systems often results in unrealistic conclusions (e.g., undrained shear strength being more 

than two or three times higher than the design value). This approach can only be taken 

when there is strong evidence that the design undrained shear strength profile is 

conservatively biased. 
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Chapter 10:  Effect of Uncertainties in Hurricane Load and 

Foundation System Capacity on Reliability 

 

10.1 INTRODUCTION 

This chapter deals with the uncertainties in the hurricane load and foundation 

system capacity used to assess the performance of foundation systems in hurricanes and 

to design foundations. It also examines the effect of these uncertainties on the reliability 

of foundation systems. The performance of foundation systems has been evaluated based 

on the best estimates of hurricane load and foundation system capacity thus far. The 

uncertainties in the maximum base shear and overturning moment in the load and the 

uncertainties in foundation system capacities in shear and overturning failure mechanisms 

are assessed. A simplified reliability analysis is presented to show the effect of these 

uncertainties on the performance reliability of the foundation system supporting Platform 

10 in Hurricane Ike. The design reliability of this foundation system is also discussed in 

light of its performance reliability. 

 

10.2 BEST ESTIMATES OF LOAD AND CAPACITY 

Figure 10.1 presents the best estimates of hurricane load and foundation system 

capacity of Platform 10 in the direction of the largest waves in Hurricane Ike. The best 

estimate of hurricane load was developed using the state of the art in hindcasting the 

wave, wind and current conditions at the platform location during Hurricane Ike and 

propagating these environmental conditions through a 3-D structural model of this 

platform to estimate the hydrodynamic force on each structural member and the 

maximum base shear and overturning moment on the foundation system at a location on 
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the mudline that is coincident with the resultant vertical force. As such, the vertical force 

does not contribute to overturning moment in the load. 

Similarly, the best estimate of foundation system capacity was also developed 

relative to this location. A simplified foundation collapse model was used to develop the 

best estimate of foundation system capacity interaction curve. This simplified foundation 

collapse model has been calibrated against a more complicated 3-D structural model 

based on the finite element method such that results from the simplified foundation 

model match up well with those from the 3-D structural model when foundation failure 

dominates the pushover capacity in the 3-D model. The subsurface conditions used to 

develop foundation system capacity come from a modern soil boring drilled in 2001 and 

a soil testing program that represents the state of practice at this time. American 

Petroleum Institute (2000) design guidance was used to estimate axial and lateral soil 

capacities and to develop foundation system capacity. Strain softening in the mobilized 

side shear resistance along the piles and displacement compatibility in the mobilization of 

side shear and end bearing were considered. Reverse end bearing capacity for the pile 

loaded in tension was not included since it is not a significant component of the pull-out 

capacity of long, offshore piles embedded in marine clays. Lateral soil resistance 

corresponding to static p-y curves and nominal yield stress for piles (e.g., fY= 36 ksi for 

A36 steel) were used to develop the shear capacity of the foundation system. The 

contribution of the conductor to foundation system capacity was included. 

This foundation system was predicted to fail in Hurricane Ike because the 

estimated maximum hurricane load is approximately the same as the estimated 

foundation system capacity in overturning. In reality, this foundation system failed in Ike 

due to the pull-out failure of the most heavily load pile. The predicted performance 

matches up well with the observed performance in Hurricane Ike. 
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Figure 10.1: Best Estimates of Maximum Hurricane Load and Foundation System 

Capacity of Platform 10 in Direction of Largest Waves in Hurricane Ike. 
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these parameters for the hurricane load on a foundation system are also examined. 
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10.3.1 Uncertainty in Base Shear 

The maximum base shear on a jacket platform is a function of the maximum wave 

height, which in turn is a function of the significant wave height in the hurricane 

hindcast. A nonlinear relationship (Equation 10.1) is commonly used to describe the 

maximum base shear on a jacket platform when the maximum waves in a hurricane do 

not cause wave-in-deck loading on the platform (e.g., Manuel et al. 1998, Bea et al. 

1999a and ABS Consulting, Inc. 2004). 

 

            
            (10.1) 

where PH and BS represent base shear, Hmax is the maximum wave height in a 

hurricane, C1 and C3 are platform-specific constants, and 1 is a model uncertainty factor 

representing the accuracy in the base shear equation. 

 

The value of C3 is approximately 2.0 (ranging between 1.5 and 2.5) for structures 

dominated by drag forces, such as jacket platforms (Bea et al. 1999a). ABS Consulting, 

Inc. (2004) suggested that 1 can be modeled using a lognormal distribution with an 

expected value of 1.0 and a coefficient of variation (c.o.v.) of 0.2 in the absence of wave-

in-deck loading. 

The maximum wave height in a hurricane is related to the significant wave height 

(Hsig) from the hurricane hindcast, which is the average wave height of the largest one-

third of waves (measured from trough to crest) occurring in a given period (typically in a 

3-hour sea state) as shown in Equation 10.2. 

 

                     (10.2) 
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where C2 is a constant typically between 1.5 and 2.0 and 2 is a model uncertainty 

factor representing the accuracy in the maximum wave height equation. 

 

Forristall distribution is commonly used to describe the distribution of wave 

height in a hurricane (Forristall 1978). The probability density function of individual 

wave height (H) given the significant wave height (Hsig) is presented in Equation 10.3 

(ABS Consulting, Inc. 2004). 

 

       
( |         )        
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  ]  (10.3) 

where = 2.126 and = 8.42, and h and hsig are the realizations of individual wave 

height and significant wave height, respectively. 

 

The maximum wave height according to Hurricane Ike hindcast at the location of 

Platform 10 is 71 feet, which did not cause wave-in-deck loading on Platform 10. 

Assuming a C2 constant of 1.72, the significant wave height was estimated to be 41 feet. 

The probability density function of individual wave height in Hurricane Ike at the 

location of Platform 10 is presented in Figure 10.2. The cumulative distribution function 

of individual wave height, FH(h) is presented in Figure 10.3. The cumulative distribution 

function of the maximum wave height, FHmax(hmax), in a 3-hour sea state can be obtained 

using Equation 10.4. 

 

            [     ]
        (10.4) 
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where N is the number of waves in a 3-hour sea state, which is approximately 

equal to 
       

  
, where Tp is the wave period in seconds (e.g., Tp is equal to 14.2 

seconds in this case). 

 

The probability density function of the maximum wave height, fHmax(hmax), in a 3-

hour sea state was obtained from FHmax(hmax) and is presented in Figure 10.2. The c.o.v. in 

the maximum wave height distribution (Figure 10.2) is 0.08 (or approximately 0.1). As 

such, 2, which is the model uncertainty factor representing the accuracy in the maximum 

wave height equation, can be modeled using a lognormal distribution with an expected 

value of 1.0 and a c.o.v. of 0.1. Note that the C2 constant of 1.72 used previously to 

obtain the significant wave height from the maximum wave height was selected such that 

the expected value of the maximum wave height from this distribution is approximately 

71 feet (Figure 10.2). 

Finally, the base shear equation can be re-written as Equations 10.5 and 10.6. 

 

     (        )
  

         (10.5) 

            (                )          (10.6) 

 

Since C1, C2 and C3 are constants, the c.o.v. of lnBS (lnBS) can be obtained using 

Equation 10.7. 

 

      √  
        

    
      

       
      (10.7) 

where ’s are the c.o.v.’s of the designated variables. 
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Figure 10.2: Probability Density Functions of Individual Wave Height and Maximum 

Wave Height in 3-Hour Sea State Assuming Hsig= 41 feet in Hurricane Ike 

at Platform 10. 

 

Figure 10.3: Cumulative Distribution Functions of Individual Wave Height and 

Maximum Wave Height in 3-Hour Sea State Assuming Hsig= 41 feet in 

Hurricane Ike at Platform 10. 
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The c.o.v.’s of 1 and 2 are 0.2 and 0.1, respectively. There is also uncertainty in 

the significant wave height from the hurricane hindcast. ABS Consulting, Inc. (2004) 

suggested that the c.o.v. of Hsig (lnHsig) is on the order of 0.1. Therefore, the c.o.v. of base 

shear was assessed to be:       √                         . 

 

10.3.2 Uncertainty in Moment Arm and Overturning Moment 

Historically, the performance of fixed base offshore structures was evaluated 

based on load and capacity both expressed in terms of base shear. As a result, there is not 

a great deal of information relating to the uncertainty in overturning moment or moment 

arm, which is the distance above the mudline where the centroid of the force distribution 

occurs. The moment arm is defined as the ratio between the maximum overturning 

moment and base shear as shown in Equation 10.8. 

 

  
   

  
 

 

  
 or               (10.8) 

where h is moment arm, and OTM and M represent overturning moment. 

 

Haring et al. (1979) reported measured and predicted mudline shear forces and 

overturning moments as well as the resulting moment arms on the Ocean Test Structure 

under the crests of rare storm waves (Figure 10.4). The measured forces were corrected 

for the contribution from wind forces based on measured wind speed and direction. The 

force predictions were based on the Morison-O’Brien equation and Stokes’ fifth order 

wave theory, which was the most common method based on kinematics used to 

determine hydrodynamic forces on fixed offshore structures at that time. 
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Figure 10.4: Comparison between Predicted and Measured Base Shear, Overturning 

Moment and Moment Arm on Ocean Test Structure (after Haring et al. 

1979). 

Statistics from the comparisons between predicted and measured base shear, 

overturning moment and moment arm are summarized in Table 10.1. The measured base 

shear, overturning moment and moment arm can be considered as the true values and the 

predicted values exhibit uncertainties, as reflected by their c.o.v.’s. The c.o.v.’s of base 
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shear and overturning moment are on the order of 0.3 and the c.o.v. of moment arm is 

0.06. The c.o.v. of base shear from the measurements on the Ocean Test Structure is 

consistent with the analytically assessed value in Section 10.3.1. 

Note that the comparisons by Haring et al. (1979) indicate that the predicted base 

shear and overturning moment are conservatively biased by about 10 %. This bias has 

probably been reduced in the load recipe that is currently used by the industry. As such, 

the maximum hurricane load shown in Figure 10.1 does not likely exhibit this bias. 

Table 10.1: Statistics from Comparisons between Predicted and Measured Base Shear, 

Overturning Moment and Moment Arm on Ocean Test Structure (after 

Haring et al. 1979). 

 Bias Coefficient of Variation 

Base Shear 1.11 0.28 

Overturning Moment 1.07 0.29 

Moment Arm 0.97 0.06 

 

10.3.3 Correlation between Base Shear and Overturning Moment 

The relationship between base shear, overturning moment and moment arm 

(Equation 10.8) can be re-written as Equation 10.9. 

 

                      (10.9) 

 

The c.o.v. of OTM (lnOTM) can be expressed using Equation 10.10. 

 

       √     
      

                         (10.10) 
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where ’s are the c.o.v.’s of the designated variables and lnBS,lnh is the correlation 

coefficient between base shear and moment arm. 

 

Using Equation 10.10, the correlation coefficient between base shear and moment 

arm (lnBS,lnh) according to the measurements on the Ocean Test Structure is 

approximately 0.06, which indicates that base shear and moment arm are not highly 

correlated. However, base shear and overturning moment are highly and positively 

correlated because base shear is part of the overturning moment equation. The correlation 

coefficient between base shear and overturning moment (lnBS,lnOTM) can be obtained 

using Equation 10.11. 

 

            
                   

√     
      

                     

     (10.11) 

 

From the measurements on the Ocean Test Structure, the correlation coefficient 

between base shear and overturning moment was found to be 0.98. This high correlation 

coefficient means that overturning moment is directly proportional to base shear and the 

uncertainty in overturning moment depends almost entirely on the uncertainty in base 

shear. 

 

10.3.4 Reliability Contours of Hurricane Load 

The inverse first-order reliability method (FORM) was used to develop reliability 

contours that represent constant probabilities of exceedance in terms of the combination 

of base shear and overturning moment on the foundation system of Platform 10 in 

Hurricane Ike. The inverse FORM technique was used by Winterstein and Kumar (1995) 
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and Choi (2007) to develop environmental loading contours, expressed in terms of 

significant wave height (Hsig) and wave period (Tp), on floating structures and their 

mooring systems. 

Developing the reliability contours for the maximum hurricane load in Ike on the 

foundation system of Platform 10 requires the following steps: 

 For a given probability of exceedance (p), a reliability index () can be 

calculated as follows: 

                  (10.12) 

where 
-1

(.) is the inverse of the standard normal cumulative distribution 

function. The failure plane in the standard normal space defines the boundary 

between an exceedance event and a non-exceedance event. Physically, β 

represents the radius of a circle in the standard normal space. 

 Consider the circle of a radius of  in the 2-dimemsional space describing 

two independent standard normal random variables (U1 and U2), the circle 

represented by U1
2
 + U2

2
 = 

2
 can be described using polar coordinates as 

follows: 

                   (10.13) 

                    (10.14) 

 The equivalent polar forms in the standard normal space (Equations 10.13 

and 10.14) can be converted to BS and OTM with a reliability index (β) and 

angles (θ) varying from 0 to 360 degrees to represent all possible 

combinations of BS and OTM that define a constant probability of 

exceedance (p). The polar coordinates are converted back to the original BS 

and OTM space using the Rosenblatt transformation (Rosenblatt 1952). This 

step can be achieved using the following equations: 
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                            (10.15) 

                              (10.16) 

where CDF(.) is the cumulative distribution function and (.) is the standard 

normal cumulative distribution function. 

 Once the CDF values of BS and OTM are obtained, the combinations of BS 

and OTM that produce a specified probability of exceedance (p) can then be 

obtained using the following equations: 

       (       )                  (10.17) 

        (        )                   (10.18) 

where lnBS and lnOTM represent the c.o.v.’s of lnBS and lnOTM (i.e., BS 

and OTM), respectively, and lnBS and lnOTM represent the mean values of 

lnBS and lnOTM (i.e., BS and OTM), respectively. 

 Since overturning moment is equal to base shear times moment arm and all 

three variables are positive, it is reasonable to model base shear, overturning 

moment and moment arm using lognormal distributions. The estimated 

maximum base shear, overturning moment and resulting moment arm on the 

foundation system of Platform 10 in Hurricane Ike can be considered as the 

median values of base shear, overturning moment and moment arm (i.e., 

BSm, OTMm and hm), respectively. The mean values of lnBS and lnh can be 

calculated as follows: 

                   (10.19) 

                 (10.20) 

The mean value of lnOTM can be calculated using Equation 10.21. 

                        (10.21) 
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 The c.o.v. of lnOTM is related to the c.o.v.’s of lnBS and lnh as shown in 

Equation 10.22. 

       √     
      

                         (10.22) 

The c.o.v.’s of lnBS and lnh were assumed to be 0.35 and 0.1, respectively. 

The correlation coefficient between lnBS and lnh was assumed to be 0.06. 

As a result, the c.o.v. of lnOTM (lnOTM) is approximately 0.37. 

Following the above steps, the reliability contours for various probabilities of 

exceedance considering the joint distribution of maximum base shear and overturning 

moment on the foundation system of Platform 10 in Hurricane Ike were developed 

(Figure 10.5). Any line tangent to the reliability contour represents a boundary, outside of 

which the volume under the joint probability density function of base shear and 

overturning moment is constant. Considering the contour corresponding to a probability 

of exceedance of 0.1 (Figure 10.6), the probability that the maximum base shear in 

Hurricane Ike is less than 1,900 kips is 0.9. Likewise, the probability that the maximum 

overturning moment on the foundation system is less than 570,000 ft-kips is 0.9. 

By visual inspection of the reliability contours (Figure 10.5), base shear and 

overturning moment both appear to be highly variable. The c.o.v.’s of lnBS and lnOTM 

are 0.35 and 0.37, respectively. They are also highly correlated (lnBS,lnOTM= 0.98). As 

such, the conventional approach of expressing the maximum hurricane load on a jacket 

structure in terms of base shear is reasonable since the overturning moment on the jacket 

structure is highly correlated to the base shear. However, this approach may not be ideal 

for evaluating the performance of a jacket foundation system because its capacity can be 

more variable in overturning than in shear. 
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Figure 10.5: Reliability Contours for Various Probabilities of Exceedance of Maximum 

Hurricane Load on Foundation System of Platform 10 in Hurricane Ike. 

 

Figure 10.6: Maximum Base Shear and Overturning Moment on Foundation System of 

Platform 10 in Hurricane Ike with Probability of Exceedance of 0.1. 
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10.4 UNCERTAINTY IN FOUNDATION SYSTEM CAPACITY 

The capacity of a foundation system is dominated by axial soil resistance acting 

on the piles, lateral soil resistance acting on the piles and conductors, and structural 

capacities of piles and conductors, which are directly proportional to the yield stress of 

steel. Sensitivity analyses were performed by increasing each of these factors by 10 % 

while keeping other factors constant to illustrate the effect of each factor on foundation 

system capacity. Figures 10.7, 10.8 and 10.9 show the effects of axial soil resistance (T), 

lateral soil resistance (P) and yield stress of steel (F), respectively, on the foundation 

system capacity of Platform 10 in the direction of the largest waves in Hurricane Ike. 

 

 

Figure 10.7: Effect of Increasing Axial Soil Resistance by 10 % on Foundation System 

Capacity of Platform 10 in Hurricane Ike Loading Direction. 

0

500

1000

1500

2000

2500

3000

0.0E+00 1.0E+05 2.0E+05 3.0E+05 4.0E+05 5.0E+05

B
a
se

 S
h

ea
r 

(k
ip

s)

Overturning Moment (ft-kips)

Increasing 

Axial Soil 

Resistance

by 10 %

Base Case



 208 

 

Figure 10.8: Effect of Increasing Lateral Soil Resistance by 10 % on Foundation System 

Capacity of Platform 10 in Hurricane Ike Loading Direction. 

 

Figure 10.9: Effect of Increasing Steel Yield Stress by 10 % on Foundation System 

Capacity of Platform 10 in Hurricane Ike Loading Direction. 
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As shown, the foundation system capacity of Platform 10 in the direction of the 

largest waves in Hurricane Ike is sensitive to the axial soil resistance (T) acting on the 

piles in an overturning-dominated failure mechanism (Figure 10.7); it is sensitive to the 

yield stress of steel (F) for the piles and conductor in a shear-dominated failure 

mechanism (Figure 10.9); however, it is not sensitive to the lateral soil resistance (P) 

acting on the piles and conductor (Figure 10.8). The above interaction curves were 

developed at selected moment arms (h) ranging from 100 inches to 5,000 inches above 

the mudline. At each of the moment arms, the base shear capacities (B) that caused the 

complete collapse of the foundation system for the base case and each of three sensitivity 

analysis cases were found (Table 10.2). The axial soil resistance (T), lateral soil 

resistance (P) and yield stress of steel (F) were assumed not correlated to one another 

because F is the property of steel, T is dominated by the shear strength of soils along the 

lower one-third of the piles, and P is dominated by the shear strength of soils in the upper 

30 to 50 feet of the piles and conductor. The c.o.v. of the base shear capacity (B) at each 

moment arm can then be obtained using Equation 10.23. 
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     (10.23) 

where B, F, T and P are the mean values of base shear capacity, steel yield 

stress, axial soil resistance and lateral soil resistance, respectively, and B, F, T and P 

are the c.o.v.’s of base shear capacity, steel yield stress, axial soil resistance and lateral 

soil resistance, respectively. 
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From various references (e.g., Tang and Gilbert 1992, Lacasse and Nadim 1996 

and Bea et al. 1999a and 1999b), the c.o.v. of predicted axial pile capacity in clays (T) 

following the guidance in API RP 2A is believed to range from 0.1 to 0.45, with an 

average value of 0.3 being accepted by most industry experts. Likewise, the c.o.v. of 

predicted lateral pile capacity in clays (P) is believed to range from 0.2 to 0.35, with a 

value of 0.3 being a reasonable estimate. The c.o.v. of the yield stress of steel (F) is 

smaller than those for axial and lateral soil resistance; a value of 0.15 was assumed herein 

to assess the variability in foundation system capacity. 

The c.o.v. of the base shear capacity (B) at each moment arm was calculated 

using Equation 10.23 (Table 10.2). As shown, the base shear capacity of a foundation 

system is more variable (i.e., with a higher c.o.v.) in an overturning-dominated failure 

mechanism than in a shear-dominated failure mechanism. 

Table 10.2: Contribution of Uncertainties in Steel Yield Stress, Axial Soil Resistance 

and Lateral Soil Resistance to Uncertainty in Base Shear Capacity of 

Foundation System at Various Moment Arms. 

Moment 

Arm 
Failure 

Mechanism 

Base 

Shear 

(Base 

Case) 

Base Shear 

(Increase F 

by 10%) 

Base Shear 

(Increase T 

by 10%) 

Base Shear 

(Increase P 

by 10%) 
[
 (

 
  

)

 (
 
  

)
]

 

 [
 (

 
  

)

 (
 
  

)
]

 

 [
 (

 
  

)

 (
 
  

)
]

 

    

h B B B B 

(inches) (kips) (kips) (kips) (kips) 

1.0E+02 Shear 2022 2171 2023 2078 0.54  0.00  0.08  0.14  

1.0E+03 Shear 2248 2423 2249 2305 0.60  0.00  0.06  0.14  

1.5E+03 Shear 2339 2524 2340 2396 0.62  0.00  0.06  0.14  

2.0E+03 Overturning 2055 2062 2219 2062 0.00  0.64  0.00  0.24  

3.0E+03 Overturning 1437 1439 1561 1439 0.00  0.74  0.00  0.26  

5.0E+03 Overturning 885 887 957 885 0.00  0.67  0.00  0.25  
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Additionally, the foundation system capacity interaction curves for the base case 

(i.e., mean foundation system capacity), and mean plus and minus one standard deviation 

can be developed according to the B values at various moment arms (Figure 10.10). As 

shown, the uncertainty in the overturning capacity of this foundation system (B 0.25) is 

greater than the uncertainty in shear capacity (B 0.15), even if two of the three 

dominant factors considered herein (i.e., steel yield stress and lateral soil resistance) 

affect shear capacity more than they affect overturning capacity. 

 

 

Figure 10.10:Mean Plus and Minus One Standard Deviation Foundation System Capacity 

Interaction Curves of Platform 10 in Hurricane Ike Loading Direction. 
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10.5 PERFORMANCE RELIABILITY OF FOUNDATION SYSTEM 

Figure 10.11 present the foundation system capacity interaction diagram of 

Platform 10, where uncertainties in load and capacity are both represented. It becomes 

clear that the hurricane load and foundation system capacity are about equally variable, 

with a c.o.v. of approximately 0.35 for the load and a c.o.v. on the order of 0.25 for the 

overturning capacity of the foundation system. 

 

 

Figure 10.11:Uncertainties in Maximum Load and Foundation System Capacity of 

Platform 10 in Hurricane Ike. 
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conversely, the performance reliability of this foundation system subjected to the loads in 

Hurricane Ike. This model assumes that load (S) and capacity (R) are lognormally 

distributed and statistically independent variables. The probability of failure can be 

calculated using Equation 10.24 (e.g., Ang and Tang 1984 and Gilbert et al. 2008). 

0

500

1000

1500

2000

2500

3000

0.0E+00 2.0E+05 4.0E+05 6.0E+05

B
a

se
 S

h
ea

r 
(k

ip
s)

Overturning Moment (ft-kips)

Mean Plus One Standard
Deviation Capacity

Base Case Capacity

Mean Minus One
Standard Deviation 

Capacity

Reliability Contour 
for Probability of 

Exceedance, p= 0.1

p= 0.25

Best Estimate of 
Maximum Load in 

Hurricane Ike



 213 

 

           * 
                    

      
+           (10.24) 

where pf is probability of failure, R is system capacity, S is system load, rmedian 

and smedian are the median values of capacity and load, respectively, rmedian/smedian is the 

median factor of safety (FSmedian),  is the reliability index and total is the total c.o.v., 

which can be obtained using Equation 10.25. 

 

       √       
           

   √  
    

     (10.25) 

where S and R are the c.o.v.’s of load and capacity, respectively. 

 

The median value of the maximum hurricane load is approximately the same as 

the median foundation overturning capacity (Figure 10.11), which means that the median 

factor of safety is approximately 1.0. Based on Equations 10.24 and 10.25, the probability 

of failure of this foundation system in Hurricane Ike is approximately 0.5 and this 

foundation failed in overturning due to the pull-out failure of the most heavily loaded 

pile. Note that for an FSmedian of 1.0, the total c.o.v. does not have an effect on the 

probability of failure or reliability. 

 

10.6 DESIGN RELIABILITY OF FOUNDATION SYSTEM 

According to the design guidance in American Petroleum Institute (2000), axially 

loaded piles are designed for 100-year hurricane loading with a target factor of safety of 

1.5. Figure 10.12 presents the most recent industry standard of the 100-year design 

hurricane condition in terms of significant wave height (Hsig) and wave period (Tp) prior 

to 2005 for a generic structure in the central Gulf of Mexico and compares it with the 
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loading condition that this structure may experience in the 20-year design life. This 

model assumes an occurrence rate of 0.1 per year for hurricanes. 

 

 

Figure 10.12:Comparison of 100-Year Design Hurricane Condition and Condition That 

May Happen during 20-Year Design Life for Generic Structure in Central 

Gulf of Mexico (Courtesy of Prof. R.B. Gilbert). 
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20-year design life were assessed to be 33 feet and 0.18, respectively, from Figure 10.12. 

The mean significant wave height during the 20-year design life is only 80 % of the 

significant wave height for the 100-year design condition (i.e., 41 feet). In other words, 
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The c.o.v. of the significant wave height in the 20-year design life of this structure 

represents additional uncertainty about the occurrence of hurricanes and uncertainty 

relating to the magnitude of hurricanes in this time period. These uncertainties add to the 

uncertainty in base shear given the significant wave height from hurricane hindcast. As 

such, the total c.o.v. in base shear in the 20-year design life of Platform 10 is:          

√                . 

The foundation system capacity used to assess the performance reliability based 

on hurricane hindcast is the same as the capacity used to assess design reliability. 

However, the design pull-out capacity of Pile C was overestimated to be around 4,000 

kips, while the actual capacity of this pile is only 3,600 kips because strain softening was 

not accounted for in design. As a result, the design capacity of this foundation system 

was overestimated by about 10 % and the actual factor of safety of this foundation system 

for the 100-year design condition is approximately 1.35 (versus 1.5). Since the median 

value of the maximum base shear in the 20-year design life is only about 65 % of that for 

the 100-year design condition, the median factor of safety in the 20-year design life is: 

                  
    

    
     . 

The uncertainties in the maximum load during the 20-year design life and 

foundation system capacity of Platform 10 are shown in Figure 10.13. The reliability of 

this foundation system in the 20-year design life can also be assessed using Equations 

10.24 and 10.25. The probability of failure of this foundation system in the 20-year 

design life is approximately: 
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√  (          
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√                        
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Figure 10.13:Uncertainties in Maximum Load and Foundation System Capacity of 

Platform 10 in 20-Year Design Life. 
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than the standard adopted by the offshore oil industry (Figure 10.14). Note that the U.S. 

Bureau of Reclamation thresholds are originally expressed in terms of number of 

fatalities, which is then converted to monetary value assuming a rate of $5 million per life 

in order to make this comparison (R.B. Gilbert, personal communication, May 2, 2011). 

 

 

Figure 10.14:Comparison of Annual Probability of Foundation Failure for Platform 10 in 

20-Year Design Life with Offshore Oil Industry Standard of Risk Tolerance. 
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resistance acting on the piles, which is typically designed using a factor of safety of 1.5 

for the 100-year loading condition. In the shear failure mechanism, the foundation system 

capacity is not directly proportional to the lateral soil resistance acting on the piles and 

conductors. Other factors, such as the yield stress of steel, have a greater effect on the 

foundation system capacity in shear. Additionally, there is not a clear guidance on the 

target factor of safety for laterally loaded piles. The entire structural system (including 

the foundation) is usually modeled in design and a unity check is performed to ensure 

that each structural member has adequate reserve strength under the 100-year loading 

condition. As a result, the median factor of safety for a foundation system in a shear-

dominated failure is expected to be higher than that in an overturning-dominated failure. 

The c.o.v.’s of the maximum base shear and overturning moment corresponding 

to the 100-year loading condition (or condition in the 20-year design life) may be similar. 

However, the c.o.v. of foundation system capacity in overturning is higher than the c.o.v. 

of foundation system capacity in shear. The higher total c.o.v. and lower median factor of 

safety for a foundation system in an overturning-dominated failure make the foundation 

system less reliable in overturning than in shear. Hence, it is not a surprise to observe 

more overturning failures than shear failures of foundation systems in severe hurricanes. 

 

10.6 SUMMARY 

This chapter uses the 3-pile foundation system supporting Platform 10 to illustrate 

the uncertainties in the maximum load in Hurricane Ike and in foundation system 

capacity. The c.o.v.’s of both base shear and overturning moment in the load are about 

0.35. Additionally, base shear and overturning moment in the load are highly and 

positively correlated. On the contrary, the c.o.v. of foundation system capacity in 
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overturning is higher than it is in shear. For this particular foundation system, the c.o.v. in 

overturning capacity is approximately 0.25 and the c.o.v. in shear capacity is 

approximately 0.15. 

The performance reliability and design reliability of this foundation system are 

assessed. The probability that this foundation system would fail in Hurricane Ike based 

on the hindcast hurricane load and the best estimate of foundation system capacity is 

approximately 0.5. The annual probability of failure for this foundation system in the 20-

year design life ranges from 0.002/year to 0.003/year, which is tolerable compared with 

the standard of risk tolerance in the offshore oil industry. This case history raises a 

question whether the standard of risk tolerance in the offshore oil industry is, perhaps, a 

little too high since this foundation system was loaded to a level that is about 35 % 

beyond the 100-year loading condition and it failed in Hurricane Ike. One simple mistake 

in the design process (i.e., strain softening not being accounted for in design) easily led to 

the failure of this foundation system. 

Much work is still required in this area to characterize the effect of system 

robustness on the reliability of foundation systems. Uncertainty in foundation system 

capacity due to spatial variability in soil conditions for foundation systems in alluvial or 

fluviatile geology, where the capacities of individual piles supporting the same structure 

may vary significantly is yet to be characterized. Nevertheless, the reliability of a 

foundation system in shear is expected to be higher than the reliability in overturning. 

The framework presented in this chapter may be extended to incorporate these 

considerations to assess the reliability of foundation systems and, ultimately, provide 

recommendations on how to design foundation systems to achieve a consistent level of 

reliability. 
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Chapter 11:  Conclusions 

 

The objective of this research is to provide information that may help improve the 

state of practice in designing and assessing jacket pile foundation systems to achieve a 

consistent level of performance and reliability. This objective was achieved through 

analyzing the performance of 13 case study platform foundations in severe hurricanes in 

the last decade, identifying factors that may contribute to the discrepancy between 

predicted and observed performance, investigating the effects of these factors on the 

performance of foundation systems, assessing uncertainties in hurricane load and 

foundation system capacity, and demonstrating the effects of these uncertainties on the 

reliability of foundation systems. This chapter summarizes major findings from this 

research and provides recommendations on practical means to account for the factors 

contributing to the discrepancy between predicted and observed performance in post-

hurricane assessments to achieve consistent performance and in new designs to achieve 

acceptable reliability for foundation systems. Recommendations for future work are also 

provided. 

 

11.1 MAJOR FINDINGS 

11.1.1 Predicted Performance Consistent with Observed Performance 

The predicted performance of most of the 13 case study platform foundations is 

consistent with their observed performance in the field. Eight of the foundation systems 

were predicted to survive the hurricane loading and they actually survived. It indicates 

that hurricane loads on these foundation systems are not severe enough to cause failure or 

collapse of the foundation systems. A 3-pile foundation system was predicted to fail in 
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Hurricane Ike and it actually failed due to the pull-out failure of the most heavily loaded 

pile. A few foundation systems were predicted to fail in the hurricanes and yet they 

survived the hurricane loadings. While these cases present a possibility that foundation 

design based on API RP 2A may be conservative, there are more probable explanations 

to the survivals of these foundation systems, such as unaccounted structural factors 

contributing to foundation capacity or lack of a site-specific soil boring to estimate 

foundation capacity, etc. More realistic considerations of these factors and more realistic 

representation of subsurface conditions can readily explain the survivals of these 

foundation systems without involving conservatism in foundation design. 

These cases do not preclude potential conservatism in foundation design because 

only a small number of case study platform foundations are analyzed. Additionally, only 

one platform analyzed herein actually failed in the foundation. It indicates that most of 

the foundation systems analyzed herein were not loaded to or beyond their capacities. 

Analysis of additional foundation systems that failed in the hurricanes may provide 

additional insights to the potential conservatism in foundation design. 

 

11.1.2 Importance of Potential Failure Mechanism 

The potential failure mechanism of a foundation system (i.e., shear, overturning, 

or combined shear and overturning) is important to its performance in a hurricane and, 

therefore, important to the post-hurricane assessment of a platform. A foundation system 

mobilizes its capacity differently in different failure mechanisms. For example, a 

foundation system mobilizes axial soil capacity primarily in an overturning-dominated 

failure mechanism while it mobilizes lateral soil capacity primarily in a shear-dominated 

failure mechanism. Structural capacities of piles and conductors also contribute to both 
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shear and overturning capacities of the foundation system. Structural capacities of piles 

and conductors contribute more significantly to shear capacity than to overturning 

capacity for most shallow water jacket foundations because they are relatively high 

compared to the lateral soil capacity acting on the piles and conductors and they are 

relatively low compared to the overturning capacity contributed by axial soil capacity 

acting on the piles. 

Axial and lateral soil capacities are functions of the shear strength of soils (e.g., 

undrained shear strength of clays, and interface and internal friction angles of sands). 

However, axial soil capacities are limited in the design method (i.e., API RP 2A) such 

that increase in the shear strength of soils does not necessarily lead to a proportional 

increase in axial capacity. For example, the limiting side shear and limiting end bearing 

values cap the unit side shear and unit end bearing for long, offshore piles embedded in 

sands. Increasing the undrained shear strength of clays does not result in a proportional 

increase in axial capacity either because the -method in API RP 2A considers the clays 

as more heavily overconsolidated if the overburden pressure is not increased 

proportionally according to the increase in the undrained shear strength. As a result, the  

factor reduces when the undrained shear strength is increased. Therefore, the rate of 

increase in axial capacity is slower than the rate of increase in undrained shear strength of 

clays. 

Although lateral soil capacity is more or less proportional to the shear strength of 

soils, the lateral capacity that a pile or a conductor can mobilize is limited by the length 

between the two plastic hinges. When the shear strength of soils and lateral soil capacity 

are increased, the lower plastic hinge tends to form at a shallower depth, which limits the 

mobilization of additional lateral soil resistance below this plastic hinge. 
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The above considerations explain why structural engineers needed to increase the 

undrained shear strength of clays by a factor much higher than two in order to explain the 

survivals of platform foundations in many post-hurricane assessments. The potential 

failure mechanisms of these foundation systems are likely to be shear-dominated and, 

therefore, increasing the undrained shear strength of clays does not help increase the 

shear capacities of the foundations much. The potential failure mechanisms of these 

foundation systems can also be dominated by overturning, where the increase in axial soil 

capacity is not proportional to the increase in undrained shear strength of clays because 

the  factor is reducing or the axial soil capacity is dominated by the sand layers near the 

pile tips rather than by the clay layers along the upper pile lengths. Important factors 

affecting the capacity of a foundation system in shear and overturning-dominated failure 

mechanisms need to be considered accordingly in order to achieve a realistic assessment 

of foundation performance. 

 

11.1.3 Importance of Structural Factors 

Structural factors can be more important than geotechnical factors on foundation 

system capacity. Prominent structural factors examined in this research include the 

presence of well conductors and jacket leg stubs, yield stress of piles and conductors, 

axial flexibility of piles, rigidity and strength of the jacket structure, and robustness of the 

foundation system. These factors affect foundation system capacity in a synergistic 

manner. 

The presence of jacket leg stubs increases shear capacity but not overturning 

capacity of the foundation system. The presence of well conductors increases both shear 

and overturning capacities of the foundation system; however, its effect is usually much 
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higher on shear capacity than on overturning capacity. Higher-than-nominal yield stress 

for the piles and conductor casings used in offshore construction increases both shear and 

overturning capacities of the foundation system; its effect is also more significant on 

shear capacity than on overturning capacity. 

The axial flexibility of piles affects the mobilization of side shear capacity for 

long, flexible piles embedded in marine clays that exhibit strain softening in the 

mobilized side shear. Peak side shear cannot be mobilized simultaneously along the 

entire length of a pile; therefore, the maximum tensile capacity of a pile is less than the 

capacity obtained assuming peak side shear. The maximum compressive capacity of a 

pile requires additional considerations because of the different displacement levels 

required to mobilize side shear and end bearing capacities. When peak end bearing 

capacity is mobilized, the displacements along the pile are often so large that side shear 

capacity is essentially at its residual value. 

The rigidity and strength of a jacket structure can limit the mobilization of the full 

foundation system capacity. More specifically, when the failure mechanism of the jacket 

platform is dominated by structural failure, foundation system capacity does not even 

affect the ultimate capacity of the jacket platform. 

Foundation system robustness is affected by the number of piles in the foundation 

system, geometry of the foundation system, loading direction, and proportion of shear 

force to overturning moment in the load. A foundation system with more piles is more 

robust than a foundation system with fewer piles and it is more robust in a shear-

dominated failure mechanism than in an overturning-dominated failure mechanism. As 

such, designing different foundation systems with a target factor of safety for the most 

heavily loaded pile according to any component-based design guidance (e.g., API RP 2A) 

does not necessarily lead to a consistent level of reliability for the systems. Considering 
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the entire foundation system using a reliability-based design framework is necessary to 

achieve this goal. However, much work is still required before the state of practice can be 

advanced. 

 

11.1.4 Importance of Sand Layers 

For three of the case study foundation systems that exhibit the largest discrepancy 

between predicted and observed performance, the piles are all tipping in sands according 

to the adopted soil borings that are not site-specific for these platforms. While it is 

commonplace for post-hurricane assessments to use soil borings that are not site-specific 

due to the lack of such information after changes of ownership or poor record-keeping 

practice, a site-specific soil boring is required for a new design. 

Designing or assessing the performance of a foundation system without a site-

specific soil boring introduces additional uncertainty in the estimated foundation capacity 

because of the spatial variability in soil stratigraphy and properties between the soil 

boring and each of the piles in the foundation system. This uncertainty is smaller for 

foundations in marine clay geology than for foundations installed in interbedded sand and 

clay layers that are typical of alluvial (or fluviatile) geology. In a similar geologic setting, 

the uncertainty is expected to be smaller if the distance between the soil boring and the 

platform is shorter. 

Another issue related to the presence of sand layers is that the density and shear 

strength of sands are more difficult to characterize. Historically, geotechnical engineers 

relied on the blow counts from driven penetration tests to estimate the density and shear 

strength of sands. However, driven penetration tests often encountered a refusal blow 

count at depths shallower than the pile tips. Refusal of the driven penetration tests does 
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not allow a realistic assessment of the density and shear strength of sands; usually, they 

are underestimated. Modern cone penetration tests seem to be able to characterize the 

density and shear strength of sands better than conventional driven penetration tests. 

However, there is also evidence that even cone penetration tests reached refusal and 

could not penetrate the sand layers further from a test performed a few miles away from 

two of the case study platform foundations discussed herein. Axial pile capacities in these 

cases are most likely underestimated not because of design conservatism but because of 

the lack of site-specific and high-quality design information of the sand layers. 

 

11.1.5 Effect of Uncertainties in Hurricane Load and Foundation System Capacity 

on Reliability 

The uncertainties in the estimated maximum hurricane load and foundation 

system capacity are assessed for the 3-pile foundation system that failed in Hurricane Ike. 

The uncertainty (as reflected by the coefficient of variation or c.o.v.) in hurricane load is 

slightly higher than the uncertainty in foundation system capacity. Additionally, the 

uncertainties in base shear and overturning moment in the load are found to be similar 

with a c.o.v. on the order of 0.35 because overturning moment is highly and positively 

correlated to base shear and the uncertainty in overturning moment is contributed almost 

entirely by the uncertainty in base shear. The c.o.v. of moment arm is relatively small. 

The uncertainty in foundation system capacity is contributed primarily by the 

uncertainty in the yield stress of piles and conductors and the uncertainties in axial and 

lateral soil capacities, which are functions of the shear strength of soils. The uncertainty 

in foundation system capacity is smaller in the shear-dominated failure mechanism than 

in the overturning-dominated failure mechanism. The c.o.v.’s of foundation system 
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capacity in shear and in overturning are on the order of 0.15 and 0.25, respectively, for 

this 3-pile foundation system. 

The performance reliability and design reliability of this foundation system are 

also assessed. Based on the hindcast hurricane load and best estimate of foundation 

system capacity, the probability that this 3-pile foundation system would fail in Hurricane 

Ike is approximately 0.5. The annual probability of failure for this foundation system in 

the 20-year design life ranges from 0.002/year to 0.003/year, which is considered 

tolerable compared with the standard of risk tolerance in the offshore oil industry. The 

foundation system was loaded to a level that is about 35 % beyond the 100-year loading 

condition and it failed. This case history raises the question whether the standard of risk 

tolerance in the offshore oil industry is, perhaps, a little too high and one simple mistake 

in the design process easily led to the failure of this foundation system, which supports a 

major oil drilling platform. 

A foundation system is expected to be more reliable in a shear-dominated failure 

mechanism than in an overturning-dominated failure mechanism because the median 

factor of safety for the foundation system is expected to be higher in shear than in 

overturning. Also, the total c.o.v. for a foundation system in a shear-dominated failure 

mechanism is lower than the total c.o.v. in an overturning-dominated failure mechanism. 

However, much work is still required in this area to advance the state of practice in 

foundation design to achieve a consistent level of reliability. 
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11.2 RECOMMENDATIONS FOR PRACTICE 

The following recommendations can be considered when performing a post-

hurricane platform assessment, if the foundation system dominates the performance of 

the platform. 

 Use site-specific or nearest available soil borings or other soil information 

(e.g., cone penetration tests) for the assessment. 

 Obtain construction records of the foundation system (e.g., pile driving 

records, as-build or record drawings, etc.). 

 Verify the potential failure mechanism of the foundation system. 

 Model well conductors realistically and explicitly in the analysis. 

 Use average (versus nominal) yield stress for piles and conductors. 

 Use static (versus cyclic) p-y curves for lateral soil resistance (specifically 

for shear-dominated failures). 

 Consider modeling the contribution of jacket leg stubs (specifically for 

shear-dominated failures). 

 Model strain softening and compatibility explicitly in estimating axial pile 

capacities (specifically for overturning-dominated failures). 

 Consider possible variations in the estimated maximum hurricane load and 

foundation system capacity (i.e., performing sensitivity and probabilistic 

analyses). 

 Consider possible variations in the direction of the maximum hurricane load 

(specifically for a less robust foundation system). 

 Consider spatial variability in pile capacities if site-specific soil information 

is not available. 
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 Consider spatial variability in pile capacities among different piles 

supporting the same platform (specifically for highly variable soil 

stratigraphy and conditions in alluvial or fluviatile geology). 

Much work is still required to advance the state of practice in foundation design to 

achieve a consistent level of reliability. Nevertheless, the following recommendations can 

be considered. 

 Use site-specific soil borings with undisturbed sampling and high-quality 

soil testing techniques. 

 Consider using other advanced in situ soil testing techniques (e.g., cone 

penetration tests). 

 Model well conductors realistically and explicitly in the design analysis. 

 Use static p-y curves for lateral soil resistance when the ultimate strength 

pushover analysis is performed in design. 

 Model strain softening and compatibility explicitly in estimating axial pile 

capacities; use the minimum pile wall thickness specified in American 

Petroleum Institute (2000) in a t-z analysis to estimate pile capacities if pile 

wall thickness schedule is not available. 

 Consider possible variations in the expected 100-year hurricane load and 

foundation system capacity (i.e., performing sensitivity and probabilistic 

analyses in a reliability-based design framework). 

 Ensure that the foundation system has sufficient robustness and alternative 

load paths in the event that one or two piles fail unexpectedly. 

 Orient the foundation system in anticipation of the probable range of 

hurricane loading direction. 
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 Consider spatial variability in pile capacities among different piles 

(specifically for highly variable soil stratigraphy and conditions in alluvial or 

fluviatile geology). 

 Require pile driving analyzer (PDA) tests during pile installation and 

perform re-strike analysis to verify pile capacity after short-term set-up (e.g., 

a few days after installation). 

 Consider performing Case Pile Wave Analysis Program (CAPWAP) analysis 

using data from PDA tests to verify pile capacity. 

 

11.3 RECOMMENDATIONS FOR FUTURE WORK 

Recommended future work to assess the potential conservatism in offshore 

foundation design and to advance the state of practice in designing and assessing offshore 

jacket foundation systems are presented hereafter. 

 Identify platforms that failed in the foundations due to severe hurricane 

loading in the past and acquire detailed information of these platforms for 

additional case studies. 

 Perform cone penetration tests or drill site-specific soil borings to evaluate 

soil stratigraphy and conditions at the locations of Platforms 1, 2 and 31. 

 Analyze more cases when platform foundations are loaded by severe 

hurricanes in the future; focus especially on those foundation systems that 

are loaded to or beyond their capacities. 

 Install instrumentations, such as strain gages, accelerometers, etc., on 

existing or new platforms so that more information about the hurricane 

forces on these platforms will be available when they are loaded by severe 
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hurricanes in the future; assess the bias and uncertainty in the current state of 

practice in estimating hydrodynamic forces on jacket structures. 

 Assess the effect of spatial variability in soil stratigraphy and conditions on 

foundation system capacity and reliability. 

 Assess the robustness of foundation systems and its effect on reliability using 

an established system reliability approach. 

 Develop a reliability-based design framework that incorporates uncertainties 

in load and capacity in designing foundation systems to achieve a consistent 

level of reliability; calibrate this framework based on observed performance 

of foundation systems to develop load and resistance factors for the load and 

resistance factor design (LRFD) guidance. 
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Appendix A:  Platform Database 

 

A database of 31 platforms screened in this research is presented in this appendix. 

Pertinent information of each platform is summarized in each of the following tables. 

Some platforms have significant missing information and, therefore, were not selected for 

detailed case studies. 

Table A.1: Pertinent Information of Platform 1. 

Platform Database No. 1 

Hurricane Exposure Katrina 

Number of Piles 8 

Length of Piles (ft) 135 

Year of Installation 1965 

Age of Piles 40 

Soil Stratigraphy 

Stratum 1: very soft to firm clay (90')                    

Stratum 2: fine sand (12')                             

Stratum 3: firm clay (12')                          

Stratum 4: interbedded sandy silt and 

firm silty clay  (19')                                                         

Stratum 5: sandy silt (10')                                        

Stratum 6: silty fine sand (10') 

Tip Bearing Stratum Stratum 5: sandy silt 

Sampling and Testing Method 

Sampling Method: driven                  

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 140 

Number of Well Conductors 18 

Maximum Wave Height, Hmax (ft) 58.7 

Indicator of Design Wave Height, Hdgn (ft) 55 

(Hmax/Hdgn)
2
 1.14  

Expected Mode of Failure for the Piles Axial 
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Table A.2: Pertinent Information of Platform 2. 

Platform Database No. 2 

Hurricane Exposure Katrina 

Number of Piles 6 

Length of Piles (ft) 140 

Year of Installation 1966 

Age of Piles 39 

Soil Stratigraphy 

Stratum 1: very soft to firm clay (90')                    

Stratum 2: fine sand (12')                                 

Stratum 3: firm clay (12')                          

Stratum 4: interbedded sandy silt and 

firm silty clay  (19')                                                            

Stratum 5: sandy silt (10')                                        

Stratum 6: silty fine sand (10') 

Tip Bearing Stratum Stratum 5: sandy silt 

Sampling and Testing Method 

Sampling Method: driven                  

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 140 

Number of Well Conductors 12 

Maximum Wave Height, Hmax (ft) 58.7 

Indicator of Design Wave Height, Hdgn (ft) 55 

(Hmax/Hdgn)
2
 1.14  

Expected Mode of Failure for the Piles Axial 
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Table A.3: Pertinent Information of Platform 3. 

Platform Database No. 3 

Hurricane Exposure Andrew 

Number of Piles 8 

Length of Piles (ft) 175 

Year of Installation 1963 

Age of Piles 29 

Soil Stratigraphy 

Stratum 1: firm to very stiff clay (184')                            

Stratum 2: dense to very dense fine 

sand (93')                                     

Stratum 3: very stiff to hard clay (118') 

Tip Bearing Stratum Stratum 1: very stiff clay 

Sampling and Testing Method 

Sampling Method: both driven and 

pushed                                          

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 140 

Number of Well Conductors 12 

Maximum Wave Height, Hmax (ft) 60.9 

Indicator of Design Wave Height, Hdgn (ft) 55 

(Hmax/Hdgn)
2
 1.23  

Expected Mode of Failure for the Piles Combined Axial/Lateral 
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Table A.4: Pertinent Information of Platform 4. 

Platform Database No. 4 

Hurricane Exposure Andrew 

Number of Piles 4 

Length of Piles (ft) 165 

Year of Installation 1969 

Age of Piles 23 

Soil Stratigraphy 

Stratum 1: firm clay (158')                                    

Stratum 2: fine sand (14')                             

Stratum 3: silty clay (6')                                 

Stratum 4: fine-to-medium sand (78') 

Tip Bearing Stratum Stratum 2: fine sand 

Sampling and Testing Method 

Sampling Method: driven                  

Testing Method: miniature vane, 

unconfined compression and UU 

triaxial tests 

Approx. Water Depth (ft) 60 

Number of Well Conductors 0 

Maximum Wave Height, Hmax (ft) 50.6 

Indicator of Design Wave Height, Hdgn (ft) 46 

(Hmax/Hdgn)
2
 1.21  

Expected Mode of Failure for the Piles Lateral 
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Table A.5: Pertinent Information of Platform 5. 

Platform Database No. 5 

Hurricane Exposure Andrew 

Number of Piles 8 

Length of Piles (ft) 187 

Year of Installation 1965 

Age of Piles 27 

Soil Stratigraphy 

Stratum 1: soft to stiff clay (141')                  

Stratum 2: clayey silt (4')                           

Stratum 3: silty fine sand (13')                     

Stratum 4: laminated clay, silt & sandy 

silt (178')                                     

Stratum 5: stiff clay (13')                                 

Stratum 6: silty fine sand (8')                                        

Stratum 7: stiff silty clay (32')                                     

Stratum 8: stiff clay (92') 

Tip Bearing Stratum Stratum 5: stiff clay 

Sampling and Testing Method 

Sampling Method: driven                 

Testing Method: miniature vane, 

unconfined compression and UU 

triaxial tests 

Approx. Water Depth (ft) 140 

Number of Well Conductors 16 

Maximum Wave Height, Hmax (ft) 60.2 

Indicator of Design Wave Height, Hdgn (ft) 55 

(Hmax/Hdgn)
2
 1.20  

Expected Mode of Failure for the Piles Axial 
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Table A.6: Pertinent Information of Platform 6. 

Platform Database No. 6 

Hurricane Exposure Unknown 

Number of Piles 8 

Length of Piles (ft) Unknown 

Year of Installation Unknown 

Age of Piles Unknown 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 290 

Number of Well Conductors 40 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 60 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Lateral 

 

Table A.7: Pertinent Information of Platform 7. 

Platform Database No. 7 

Hurricane Exposure Katrina 

Number of Piles 4 

Length of Piles (ft) 360 

Year of Installation Unknown 

Age of Piles Unknown 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 470 

Number of Well Conductors 21 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) >62 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 
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Table A.8: Pertinent Information of Platform 8. 

Platform Database No. 8 

Hurricane Exposure Katrina 

Number of Piles 4 

Length of Piles (ft) 274 

Year of Installation 1984 

Age of Piles 21 

Soil Stratigraphy 

Stratum 1: very soft to soft clay (30')               

Stratum 2: silty fine to fine sand (56')                  

Stratum 3: interbedded firm to stiff clay 

and fine to silty fine sand (37')                                  

Stratum 4: firm to very stiff clay (56')                  

Stratum 5: silty fine sand (101')                     

Stratum 6: very stiff clay (52') 

Tip Bearing Stratum Stratum 5: silty fine sand 

Sampling and Testing Method 

Sampling Method: both driven and 

pushed                                          

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 220 

Number of Well Conductors 12 

Maximum Wave Height, Hmax (ft) 77 

Indicator of Design Wave Height, Hdgn (ft) 59 

(Hmax/Hdgn)
2
 1.70  

Expected Mode of Failure for the Piles Axial 
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Table A.9: Pertinent Information of Platform 9. 

Platform Database No. 9 

Hurricane Exposure Katrina 

Number of Piles 4 

Length of Piles (ft) 118 

Year of Installation 1989 

Age of Piles 16 

Soil Stratigraphy 

Stratum1: silty fine sand (5')                                 

Stratum 2: firm clay (20')                                    

Stratum 3: silty fine sand (11')                                     

Stratum 4: fine sand (71')                               

Stratum 5: interbedded very stiff clay 

and silty fine sand (44')                                                      

Stratum 6: fine sand (50') 

Tip Bearing Stratum 
Stratum 5: interbedded very stiff clay 

and silty fine sand 

Sampling and Testing Method 

Sampling Method: driven                  

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 60 

Number of Well Conductors 1 

Maximum Wave Height, Hmax (ft) 56 

Indicator of Design Wave Height, Hdgn (ft) 45 

(Hmax/Hdgn)
2
 1.55  

Expected Mode of Failure for the Piles Combined Axial/Lateral 
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Table A.10: Pertinent Information of Platform 10. 

Platform Database No. 10 

Hurricane Exposure Ike 

Number of Piles 3 

Length of Piles (ft) 220/ 265 

Year of Installation 2003 

Age of Piles 5 

Soil Stratigraphy 
Stratum1: very soft clay (11')                     

Stratum 2: soft to hard clay (337') 

Tip Bearing Stratum Stratum 2: very stiff clay 

Sampling and Testing Method 

Sampling Method: pushed                  

Testing Method: miniature vane, 

torvane, pocket penetrometer and UU 

triaxial tests 

Approx. Water Depth (ft) 360 

Number of Well Conductors 1 

Maximum Wave Height, Hmax (ft) 71 

Indicator of Design Wave Height, Hdgn (ft) 61 

(Hmax/Hdgn)
2
 1.35  

Expected Mode of Failure for the Piles Axial 
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Table A.11: Pertinent Information of Platform 11. 

Platform Database No. 11 

Hurricane Exposure Katrina 

Number of Piles 4 

Length of Piles (ft) 239/ 309 

Year of Installation 2000 

Age of Piles 5 

Soil Stratigraphy 

Stratum 1: fine sand (9')                                       

Stratum 2: soft to firm clay (27')                    

Stratum 3: fine sand (64')                            

Stratum 4: stiff clay (8')                                    

Stratum 5: fine sand (9')                                

Stratum 6: stiff to very stiff clay (6.5')                   

Stratum 7: silty fine to fine sand (13.5')                 

Stratum 8: stiff to very stiff clay (71')                      

Stratum 9: silty fine to fine sand (73')                 

Stratum 10: very stiff silty clay (7')                                 

Stratum 11: fine sand (27') 

Tip Bearing Stratum 
Stratum 9: silty fine to fine sand/ 

Stratum 11: fine sand 

Sampling and Testing Method 

Sampling Method: both driven and 

pushed                                          

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 120 

Number of Well Conductors 4 

Maximum Wave Height, Hmax (ft) 67 

Indicator of Design Wave Height, Hdgn (ft) 54 

(Hmax/Hdgn)
2
 1.54  

Expected Mode of Failure for the Piles Lateral 
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Table A.12: Pertinent Information of Platform 12. 

Platform Database No. 12 

Hurricane Exposure Rita 

Number of Piles 4 

Length of Piles (ft) 255 

Year of Installation 1972 

Age of Piles 33 

Soil Stratigraphy 

Stratum 1: stiff to firm clay (37.5')                       

Stratum 2: medium dense silty fine sand 

grading to clay silt below 56' (34.5)                        

Stratum 3: stiff to very stiff clay (144')              

Stratum 4: very dense (silty) fine sand 

(100')                                           

Stratum 5: very stiff clay (25')                   

Stratum 6: very dense sandy silt (15')                         

Stratum 7: very stiff clay (N/A) 

Tip Bearing Stratum Stratum 4: very dense (silty) fine sand 

Sampling and Testing Method 

Sampling Method: driven                  

Testing Method: miniature vane, 

unconfined compression and UU 

triaxial tests 

Approx. Water Depth (ft) 190 

Number of Well Conductors 12 

Maximum Wave Height, Hmax (ft) 67 

Indicator of Design Wave Height, Hdgn (ft) 58 

(Hmax/Hdgn)
2
 1.33  

Expected Mode of Failure for the Piles Lateral 
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Table A.13: Pertinent Information of Platform 13. 

Platform Database No. 13 

Hurricane Exposure Unknown 

Number of Piles 12 

Length of Piles (ft) 372/ 374/ 230 

Year of Installation Unknown 

Age of Piles Unknown 

Soil Stratigraphy 

Stratum 1: very soft to medium stiff 

clay (20')                                      

Stratum 2: stiff clay (170')                            

Stratum 3: stiff to hard clay (>261') 

Tip Bearing Stratum Stratum 3: stiff to hard clay 

Sampling and Testing Method 

Sampling Method: both driven and 

pushed                                          

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 270 

Number of Well Conductors 18 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 60 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Lateral 
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Table A.14: Pertinent Information of Platform 14. 

Platform Database No. 14 

Hurricane Exposure Unknown 

Number of Piles 12 

Length of Piles (ft) 365 

Year of Installation Unknown 

Age of Piles Unknown 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 1030 

Number of Well Conductors 30 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) >62 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 
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Table A.15: Pertinent Information of Platform 15. 

Platform Database No. 15 

Hurricane Exposure Unknown 

Number of Piles 12 

Length of Piles (ft) 350 to 357 

Year of Installation Unknown 

Age of Piles Unknown 

Soil Stratigraphy 

Stratum 1: very soft to firm clay (66' to 

86')                                                

Stratum 2: medium sandy silt (12' to 

20')                                                

Stratum 3: firm to very stiff clay (226' 

to 229')                                        

Stratum 4: medium silty fine sand (55' 

to 60')                                              

Stratum 5: very stiff clay (72' to 74')              

Stratum 6: medium silty fine sand 

(>11') 

Tip Bearing Stratum Stratum 4: medium silty fine sand 

Sampling and Testing Method 

Sampling Method: driven              

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 400 

Number of Well Conductors 18 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 62 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 
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Table A.16: Pertinent Information of Platform 16. 

Platform Database No. 16 

Hurricane Exposure Ivan 

Number of Piles 8 

Length of Piles (ft) 400 

Year of Installation 1971 

Age of Piles 33 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 190 

Number of Well Conductors Unknown 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 57 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Lateral 

 

Table A.17: Pertinent Information of Platform 17. 

Platform Database No. 17 

Hurricane Exposure Ivan 

Number of Piles 8 

Length of Piles (ft) 400 

Year of Installation 1971 

Age of Piles 33 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 210 

Number of Well Conductors Unknown 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 58 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 



 247 

Table A.18: Pertinent Information of Platform 18. 

Platform Database No. 18 

Hurricane Exposure Ivan 

Number of Piles 8 

Length of Piles (ft) 400 

Year of Installation 1973 

Age of Piles 31 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 190 

Number of Well Conductors Unknown 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 58 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 

 

Table A.19: Pertinent Information of Platform 19. 

Platform Database No. 19 

Hurricane Exposure Ivan 

Number of Piles 8 

Length of Piles (ft) 398 

Year of Installation 1971 

Age of Piles 33 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 190 

Number of Well Conductors Unknown 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 58 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 
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Table A.20: Pertinent Information of Platform 20. 

Platform Database No. 20 

Hurricane Exposure Ivan 

Number of Piles 8 

Length of Piles (ft) 400 

Year of Installation 1980 

Age of Piles 24 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 210 

Number of Well Conductors Unknown 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 58 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 

 

Table A.21: Pertinent Information of Platform 21. 

Platform Database No. 21 

Hurricane Exposure Ivan 

Number of Piles 8 

Length of Piles (ft) 400 

Year of Installation 1986 

Age of Piles 18 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 190 

Number of Well Conductors Unknown 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 58 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 
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Table A.22: Pertinent Information of Platform 22. 

Platform Database No. 22 

Hurricane Exposure Rita 

Number of Piles 4 

Length of Piles (ft) 290 

Year of Installation 1976 

Age of Piles 29 

Soil Stratigraphy 

Stratum 1: very soft to firm clay (106')                   

Stratum 2: silty fine sand (21')                        

Stratum 3: stiff clay (13.5')                               

Stratum 4: silty fine sand  (27.5')                   

Stratum 5: stiff clay (49.5')                             

Stratum 6: laminated stiff clay and silty 

fine sand (27.5')                                                          

Stratum 7: silty fine sand (26')                                    

Stratum 8: firm to stiff silty clay (69') 

Tip Bearing Stratum Stratum 8: firm to stiff silty clay 

Sampling and Testing Method 

Sampling Method: driven                 

Testing Method: miniature vane, 

torvane, unconfined compression and 

UU triaxial tests 

Approx. Water Depth (ft) 110 

Number of Well Conductors 0 

Maximum Wave Height, Hmax (ft) 57 

Indicator of Design Wave Height, Hdgn (ft) 53 

(Hmax/Hdgn)
2
 1.16  

Expected Mode of Failure for the Piles Lateral 
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Table A.23: Pertinent Information of Platform 23. 

Platform Database No. 23 

Hurricane Exposure Katrina 

Number of Piles 8 

Length of Piles (ft) Unknown 

Year of Installation 1964 

Age of Piles 41 

Soil Stratigraphy 

Stratum 1: very soft to soft clay (40')              

Stratum 2: soft to medium stiff clay 

(30')                                             

Stratum 3: stiff clay (110')                        

Stratum 4: very stiff clay (225') 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 150 

Number of Well Conductors 8 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 56 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 
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Table A.24: Pertinent Information of Platform 24. 

Platform Database No. 24 

Hurricane Exposure Katrina 

Number of Piles 8 

Length of Piles (ft) 128/ 102/ 132 

Year of Installation 1956 

Age of Piles 49 

Soil Stratigraphy 

Stratum 1: firm clay (5')                              

Stratum 2: medium dense silty fine sand 

(12')                                             

Stratum 3: firm to very stiff clay (146')                 

Stratum 4: dense fine sand (>43') 

Tip Bearing Stratum Stratum 3: firm to very stiff clay 

Sampling and Testing Method 

Sampling Method: both driven and 

pushed                                          

Testing Method: miniature vane, 

torvane, pocket penetrometer and UU 

triaxial tests 

Approx. Water Depth (ft) 100 

Number of Well Conductors 6 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 52 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Unknown 
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Table A.25: Pertinent Information of Platform 25. 

Platform Database No. 25 

Hurricane Exposure Katrina 

Number of Piles 4 

Length of Piles (ft) 169 

Year of Installation 1967 

Age of Piles 38 

Soil Stratigraphy 

Stratum 1: firm clay (5')                              

Stratum 2: medium dense silty fine sand 

(12')                                             

Stratum 3: firm to very stiff clay (146')                 

Stratum 4: dense fine sand (>43') 

Tip Bearing Stratum Stratum 4: dense fine sand 

Sampling and Testing Method 

Sampling Method: both driven and 

pushed                                          

Testing Method: miniature vane, 

torvane, pocket penetrometer and UU 

triaxial tests 

Approx. Water Depth (ft) 90 

Number of Well Conductors 4 

Maximum Wave Height, Hmax (ft) 44 

Indicator of Design Wave Height, Hdgn (ft) 51 

(Hmax/Hdgn)
2
 0.74  

Expected Mode of Failure for the Piles Lateral 
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Table A.26: Pertinent Information of Platform 26. 

Platform Database No. 26 

Hurricane Exposure Rita 

Number of Piles 4 

Length of Piles (ft) 181 

Year of Installation 1994 

Age of Piles 11 

Soil Stratigraphy Unknown 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 100 

Number of Well Conductors 2 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 52 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Lateral 
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Table A.27: Pertinent Information of Platform 27. 

Platform Database No. 27 

Hurricane Exposure Rita 

Number of Piles 4 

Length of Piles (ft) 281/ 264 

Year of Installation 2000 

Age of Piles 5 

Soil Stratigraphy 

Stratum 1: very soft clay (14')                     

Stratum 2: firm to stiff clay (86')                      

Stratum 3: medium dense sand (15')                       

Stratum 4: very stiff clay (>185') 

Tip Bearing Stratum Stratum 4: very stiff clay 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 300 

Number of Well Conductors 2 

Maximum Wave Height, Hmax (ft) 75 

Indicator of Design Wave Height, Hdgn (ft) 61 

(Hmax/Hdgn)
2
 1.51  

Expected Mode of Failure for the Piles Lateral 
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Table A.28: Pertinent Information of Platform 28. 

Platform Database No. 28 

Hurricane Exposure Rita 

Number of Piles 8 

Length of Piles (ft) Unknown 

Year of Installation 1981 

Age of Piles 24 

Soil Stratigraphy 

Stratum 1: stiff clay (10')                                          

Stratum 2: very stiff clay (15')                               

Stratum 3: medium dense sand (170')                   

Stratum 4: very stiff sandy clay to silt 

(15')                       

Stratum 5: medium dense sand (130')                                           

Stratum 6: hard clay (10') 

Tip Bearing Stratum Unknown 

Sampling and Testing Method Unknown 

Approx. Water Depth (ft) 60 

Number of Well Conductors 15 

Maximum Wave Height, Hmax (ft) Unknown 

Indicator of Design Wave Height, Hdgn (ft) 45 

(Hmax/Hdgn)
2
 Unknown 

Expected Mode of Failure for the Piles Lateral 
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Table A.29: Pertinent Information of Platform 29. 

Platform Database No. 29 

Hurricane Exposure Katrina 

Number of Piles 8 

Length of Piles (ft) 140 

Year of Installation 1967 

Age of Piles 38 

Soil Stratigraphy 

Stratum 1: very soft to firm clay (75')                 

Stratum 2: dense to very dense sand 

(80')                                             

Stratum 3: silty clay (5.5')                               

Stratum 4: dense to very dense sand 

(N/A) 

Tip Bearing Stratum Stratum 2: dense to very dense sand 

Sampling and Testing Method 

Sampling Method: driven                    

Testing Method: miniature vane, 

unconfined compression and UU 

triaxial tests 

Approx. Water Depth (ft) 150 

Number of Well Conductors 12 

Maximum Wave Height, Hmax (ft) 63 

Indicator of Design Wave Height, Hdgn (ft) 56 

(Hmax/Hdgn)
2
 1.27  

Expected Mode of Failure for the Piles Lateral 
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Table A.30: Pertinent Information of Platform 30. 

Platform Database No. 30 

Hurricane Exposure Katrina 

Number of Piles 6 

Length of Piles (ft) 210 

Year of Installation 1973 

Age of Piles 32 

Soil Stratigraphy 

Stratum 1: very soft to firm clay (75')               

Stratum 2: dense to very dense sand 

(80')                                             

Stratum 3: silty clay (5.5')                              

Stratum 4: dense to very dense sand 

(N/A) 

Tip Bearing Stratum Stratum 4: dense to very dense sand 

Sampling and Testing Method 

Sampling Method: driven                    

Testing Method: miniature vane, 

unconfined compression and UU 

triaxial tests 

Approx. Water Depth (ft) 150 

Number of Well Conductors 12 

Maximum Wave Height, Hmax (ft) 63 

Indicator of Design Wave Height, Hdgn (ft) 56 

(Hmax/Hdgn)
2
 1.27  

Expected Mode of Failure for the Piles Lateral 
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Table A.31: Pertinent Information of Platform 31. 

Platform Database No. 31 

Hurricane Exposure Ike 

Number of Piles 8 

Length of Piles (ft) 180 

Year of Installation 1970 

Age of Piles 38 

Soil Stratigraphy 

Stratum 1: soft to stiff clay (160')               

Stratum 2: medium dense to very dense 

sand (28')                                     

Stratum 3: firm to stiff clay (30')                              

Stratum 4: medium dense to very dense 

sand (22')                                       

Stratum 5: stiff to very stiff clay (110')                              

Stratum 6: medium dense to very dense 

silt (50') 

Tip Bearing Stratum 
Stratum 2: medium dense to very dense 

sand 

Sampling and Testing Method 

Sampling Method: driven                    

Testing Method: miniature vane, 

torvane, pocket penetrometer, 

unconfined compression and UU 

triaxial tests 

Approx. Water Depth (ft) 100 

Number of Well Conductors 0 

Maximum Wave Height, Hmax (ft) 58.5 

Indicator of Design Wave Height, Hdgn (ft) 52 

(Hmax/Hdgn)
2
 1.27  

Expected Mode of Failure for the Piles Combined Axial/Lateral 
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Appendix B:  Simplified Foundation Collapse Model 

 

The simplified foundation collapse model uses an upper-bound, kinematically 

admissible solution to define the combinations of base shear and overturning moment that 

cause the complete collapse of the foundation system (Murff and Wesselink 1986). The 

upper-bound method assumes a plastic collapse mechanism, where all elements of 

resistance are characterized as rigid and perfectly plastic (Murff 1987). The piles and 

conductors in the system collapse when one hinge forms at the pile head (i.e., the bottom 

of the leg stub for piles and the bottom row of conductor guide framing for conductors) 

and the second hinge forms at some depth below the first hinge. The collapse of the entire 

system occurs when two hinges form in each of the piles and conductors in the system as 

shown in Figure B.1. 

 

 

Figure B.1: Schematic of Simplified Foundation Collapse Model based on Upper-Bound 

Plasticity Theory. 

The performance of the foundation system is measured by comparing the ratio of 

the rate of internal dissipation of energy related to the resistance mobilized by the piles 
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and conductors embedded in soils (    
̇ ) to the rate of external work due to the loads 

applied to the foundation system (    
̇ ), represented by the performance function, g(x), 

in Equation B.1 (Tang and Gilbert 1992). 

 

      
    ̇

    ̇
  .0        (B.1) 

 

The rate of internal dissipation of energy includes the following components: 

 dissipation of energy due to the axial displacement between the pile and soils, 

 dissipation of energy due to the lateral displacement of soils between the two 

plastic hinges of all piles and conductors, and 

 dissipation of energy due to the formation of plastic hinges at all piles and 

conductors. 

The rate of external work consists of the contributions from the vertical and 

horizontal loads applied on the foundation system that result in the platform base 

translating laterally and rotating about a point at the mudline. 

The foundation system collapses when the external work rate is equal to the rate 

of internal dissipation of energy, that is: g(x) = 0.0. The solution is an upper-bound 

approximation to the system capacity because it does not explicitly satisfy force and 

moment equilibrium. Also, the structure supported by the piles is assumed to be perfectly 

rigid and infinitely strong and, therefore, can distribute the loads as necessary to cause a 

complete collapse of the foundation system. Comparisons between the upper-bound 

solution and more rigorous, 3-D pushover analyses based on the finite element method 

indicate that the upper-bound model overestimates the horizontal force causing 

foundation collapse by about 10 % (Murff and Wesselink 1986 and Chen et al. 2009b and 

2010a). 
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This model was originally developed by Tang and Gilbert (1992), based on the 

model developed by Murff and Wesselink (1986). Prof. Gilbert and the author extended 

the model to capture the contribution of well conductors and jacket leg stubs to 

foundation system capacity (Chen et al. 2009b and 2010a). Additionally, the model now 

inputs axial and lateral soil capacities from a custom-built spreadsheet developed by the 

author. This spreadsheet generates axial and lateral soil capacities versus pile penetration 

based on the API RP 2A design guidance for sands and clays. As a result, multiple soil 

layers with interbedded sands and clays can now be modeled. The model also inputs 

structural capacities of the piles and well conductors from another custom-built 

spreadsheet, which allows multiple pile or conductor sections to be modeled. These 

modifications make the model more flexible and allow parametric analyses to be 

performed more efficiently. 

To accommodate the modifications made to the simplified foundation collapse 

model, the input structure of the model was re-arranged to offer more flexibility and 

transparency to the user. The model requires four different types of input files, all of 

which are text files that can be developed using a text editing program such as 

Microsoft® Notepad. The four types of input files are: 

 routing input file 

 executive input file 

 pile structural capacity input file 

 pile geotechnical capacity input file 

The routing input file, designated as “TOPCATF.INP,” contains only the name of 

the executive input file. This arrangement allows for several executive input files 

containing differing parameters to be developed at the same time so that a parametric 
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analysis can be performed by simply changing the name of the executive input file 

specified herein. An example routing input file is shown in Figure B.2. 

 
WD70I.INP 

Figure B.2: Example Routing Input File. 

The executive input file contains system loads, number of piles and conductors, 

location, batter, length of each pile and each group of conductors, length of leg stub for 

each pile or height of conductor guide framing above the mudline for each group of 

conductors, axial constraint, name of structural capacity input file, and name of 

geotechnical capacity input file. An example executive input file is shown in Figure B.3. 

Under the system loads section of the executive input file, there are six lines of 

text which represent: 

 horizontal load (PH) 

 moment arm of the horizontal load above the mudline (h) 

 eccentricity of the horizontal load in the y-direction (r) 

 skew angle measured counterclockwise from the positive x-axis () 

 vertical load applied to the platform (PV) 

 eccentricity of the vertical load (e) 

The above system load parameters are illustrated in Figures B.4 and B.5. 

The next section of the executive input file contains information about the piles 

and conductors. The number of piles is specified in the input file, where conductors of the 

same size are usually accounted for as one additional pile regardless of the number of 

conductors that the platform is actually equipped with. For example, in an 8-pile 

foundation system with 20 identical conductors, the number of piles specified in the input 
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file is 9. If the same platform is to be analyzed without considering the conductors, the 

number of piles can simply be changed from 9 to 8 to account for the 8 piles only. Each 

pile is given a number in the input file and geometric parameters for a pile or a group of 

conductors are defined on a single line in the input file separated by a space between each 

of them. These geometric parameters are: 

 x-coordinate (X) 

 y-coordinate (Y) 

 batter angle in the x-direction (THETAX) 

 batter angle in the y-direction (THETAY) 

 pile length (L) 

 depth of the first plastic hinge below the mudline (HDEPTH) 

 axial constraint parameter (0 or 1) 

 number of piles or conductors in the group (NGROUP) 

The axial constraint parameter defines whether the pile is constrained axially. A 

value of 0 denotes that the pile is not constrained in the axial direction and is free to move 

independently of the platform base in the axial direction. This assumption is used to 

model conductors. A value of 1 denotes that the pile is fully constrained in the axial 

direction and is used to model piles. NGROUP is typically set to be 1 when modeling 

piles since every pile has unique geometric parameters (e.g., location, batter, etc.). When 

a group of conductors are modeled, NGROUP represents to the number of conductors in 

the group that are of the same size. Considering the previous example of an 8-pile 

platform with 20 conductors, the ninth pile in the input would have an axial constrain 

parameter of 0 and an NGROUP value of 20. The x and y-coordinates of the group of 

conductors can be conveniently set to be at the origin or center of the foundation system 

since conductors are not constrained to contribute their axial capacities. 
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PLATFORM BP-WD-70I (ALL UNITS IN LB., IN., AND DEGREES) 

 

SYSTEM LOAD DATA (PH,H,R,SKEW,PV,ECCENT) 

2E6 

2E3 

1.00E-10 

90.0 

2.557E6 

1.00E-10 

 

NUMBER OF PILES (NPILE) 

9 

 

PILE 1 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

-4.66625E+02 -7.66625E+02 -7.13 -7.13 1.668E+03 120.0 1 1 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILE.INP 

SOIL CAPACITY (INPUT FILE) 

WSOIL2.INP 

 

PILE 2 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

4.66625E+02 -7.66625E+02 7.13 -7.13 1.668E+03 120.0 1 1 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILE.INP 

SOIL CAPACITY (INPUT FILE) 

WSOIL2.INP 

 

PILE 3 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

-4.66625E+02 7.66625E+02 -7.13 7.13 1.668E+03 120.0 1 1 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILE.INP 

SOIL CAPACITY (INPUT FILE) 

WSOIL2.INP 

 

PILE 4 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

4.66625E+02 7.66625E+02 7.13 7.13 1.668E+03 120.0 1 1 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILE.INP 

SOIL CAPACITY (INPUT FILE) 

WSOIL2.INP 

 

Figure B.3: Example Executive Input File. 

 



 265 

PILE 5 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

-4.66625E+02 -1.80E+02 -7.13 0 1.668E+03 120.0 1 1 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILE.INP 

SOIL CAPACITY (INPUT FILE) 

WSOIL1.INP 

 

PILE 6 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

4.66625E+02 -1.80E+02 7.13 0 1.668E+03 120.0 1 1 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILE.INP 

SOIL CAPACITY (INPUT FILE) 

WSOIL1.INP 

 

PILE 7 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

-4.66625E+02 1.80E+02 -7.13 0 1.668E+03 120.0 1 1 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILE.INP 

SOIL CAPACITY (INPUT FILE) 

WSOIL1.INP 

 

PILE 8 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

4.66625E+02 1.80E+02 7.13 0 1.668E+03 120.0 1 1 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILE.INP 

SOIL CAPACITY (INPUT FILE) 

WSOIL1.INP 

 

CONDUCTORS 

GEOMETRY (X,Y,THETAX,THETAY,L,HDEPTH,AXIAL CONSTRAINT,NGROUP) 

0.00E+00 0.00E+00 0.00 0.00 1.62E+03 0.0 0 20 

PILE STRUCTURAL CAPACITY (INPUT FILE) 

WPILEC.INP 

SOIL CAPACITY (INPUT FILE) 

WSOILC.INP 

Figure B.3: Example Executive Input File (continued). 

The final two input parameters defined for each pile and each group of conductors 

in the executive input file are the names of structural capacity input file and geotechnical 

capacity input file. The updated foundation collapse model no longer calculates the 

structural and geotechnical capacities of piles and conductors internally. Instead, it allows 



 266 

the user to perform calculations externally (e.g., using Microsoft® Excel) and import the 

calculated structural and geotechnical capacities into these input files. Only the names of 

structural capacity input file and geotechnical capacity input file are specified in the 

executive input file. The structural capacity input file and geotechnical capacity input file 

are typically designated as “WPILE.INP” and “WSOIL.INP,” respectively. A letter “C” 

is usually added to the file name to denote that the file is for conductors, and a number 

“1” or “2” is usually added to denote whether the pile is battered in one or two directions. 

 

 

Figure B.4: System Load Parameters (PH, r, h, PV, e) for Simplified Foundation Collapse 

Model (after Tang and Gilbert 1992). 
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Figure B.5: System Load Parameters (PH, ) for Simplified Foundation Collapse Model 

(after Tang and Gilbert 1992). 

The structural capacity input file contains axial structural capacity in compression 

and tension (Qmax) and moment capacity in bending (Mmax) over a given pile length (Z). 

An example structural capacity input file is shown in Figure B.6. The recent update to the 

model allows up to three pile sections to be defined. The following equations are used to 

calculate the axial structural capacity and moment capacity of a steel pipe pile with a 

diameter of D and a pile wall thickness of t. 

 

     
 

 
[          ]         (B.2) 

     
 

 
[          ]        (B.3) 

where fY is the yield stress of steel. 

 
STRUCTURAL CAPACITY (Z,QMAX,MMAX - 3 SECTIONS) 

120 6.145E+06 6.167E+07 

480 3.146E+06 3.230E+07 

972 2.114E+06 2.187E+07 

Figure B.6: Example Structural Capacity Input File. 

The geotechnical capacity input file contains the number of rows of data in the 

input file (NDEPTH) and the depth increment (DZ). Following these, it contains four 

columns of data which from left to right correspond to: 
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 length along the pile (Z) 

 axial capacity of the pile in compression at length Z (QC) 

 axial capacity of the pile in tension at length Z (QT) 

 lateral capacity of the pile at length Z (R) 

An example geotechnical capacity input file is shown in Figure B.7 in an 

abbreviated format. This input file defines the capacity of a pile at specified intervals 

along the pile. The geotechnical capacity input file is developed using a custom-built 

spreadsheet that calculates Z, QC, QT and R based on recommended design parameters 

in the geotechnical report for the case study platform. The calculations in the spreadsheet 

follow the recommended guidance of American Petroleum Institute (2000). 

 
"PLATFORM BP-WD-70I (ALL UNITS IN LB., IN., AND DEGREES)"    

PILE I    

NDEPTH DZ    

141 12.0    

"PILE CAPACITY (Z,QC,QT,R)"    

0 0 0 0 

12 2.930E+02 2.930E+02 9.185E+02 

24 6.757E+02 6.757E+02 2.027E+03 

36 1.128E+03 1.128E+03 3.329E+03 

48 1.647E+03 1.647E+03 4.830E+03 

60 2.241E+03 2.241E+03 6.536E+03 

72 2.911E+03 2.911E+03 8.450E+03 

84 3.654E+03 3.654E+03 1.058E+04 

96 4.466E+03 4.466E+03 1.293E+04 

108 5.347E+03 5.347E+03 1.550E+04 

120 6.294E+03 6.294E+03 1.829E+04 

132 7.306E+03 7.306E+03 1.975E+04 

144 8.382E+03 8.382E+03 2.133E+04 

156 9.521E+03 9.521E+03 2.298E+04 

168 1.072E+04 1.072E+04 2.472E+04 

180 1.199E+04 1.199E+04 2.654E+04 

192 1.331E+04 1.331E+04 2.844E+04 

204 1.470E+04 1.470E+04 3.043E+04 

216 1.615E+04 1.615E+04 3.248E+04 

228 1.766E+04 1.766E+04 3.460E+04 

240 1.922E+04 1.922E+04 3.678E+04 

Figure B.7: Content of Abbreviated Geotechnical Capacity Input File. 
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An example of the general inputs used in the spreadsheet to calculate geotechnical 

capacities is shown in Table B.1. These general inputs are followed by soil profile inputs 

as shown in Table B.2. The spreadsheet calculates axial capacities of a pile in 

compression and in tension at one-foot intervals along the pile to the pile tip. The axial 

capacities in compression and in tension calculated using the inputs in Tables B.1 and B.2 

are shown graphically in Figure B.8. The spreadsheet also calculates the lateral capacity 

of a pile given the length along the pile from pile head (at the mudline) to the second 

plastic hinge. The lateral capacity calculated using the inputs in Tables B.1 and B.2 are 

shown graphically in Figure B.9. 

Table B.1: Example General Inputs in Spreadsheet to Calculate Geotechnical 

Capacities. 

Seafloor Elevation (ft, MSL) -137 

 Seasurface Elevation (ft, MSL) 0 

 Top of Pile Elevation (ft, MSL) -137 

 Pile Length (ft) 139 

 Pile Diameter (ft) 2.75 

 Pile Tip Wall Thickness (in.) 0.5 

 Unit Weight of Water (pcf) 62.4 

 Depth Increment (ft) 1 

 Open- or Close-ended Open (Open or Close) 

Open-ended Pile Tip Condition Plugged (Plugged or Unplugged) 

Loading Condition Static (Static or Cyclic) 

K Compression 0.8 

 K Tension 0.8 

 Pile Batter in x-direction (deg.) 7.125 

 Pile Batter in y-direction (deg.) 7.125 

 XR (ft) 16.2 

 Residual Adhesion Ratio, tres/tmax 1.0  

 
Length Along the Pile to the First Hinge (ft) 10.0  

(Positive below the mudline and Negative 
above the mudline) 
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Table B.2: Example Soil Profile Inputs in Spreadsheet to Calculate Geotechnical Capacities. 

Layer Soil Type 
Top 

Elevation 
(ft, MSL) 

Bottom 
Elevation 
(ft, MSL) 

Thickness 
(ft) 

Total 
Unit 

Weight 
(pcf) 

Submerged 
Unit Weight 

(pcf) 

cu at the 
Top of 
Layer 
(psf) 

dcu/dz 
(psf/ft) 

Friction 
Angle, 

' 
(deg.)

Soil 
Pile 

Friction 
Angle, 

 
(deg.)

fmax   

(ksf) 
Nq 

qmax 

(ksf) 
C1 C2 C3 

1 Cohesive -137 -177 40 97.4 35 100 5                 

2 Cohesive -177 -197 20 102.4 40 300 5                 

3 Cohesive -197 -227 30 102.4 40 400 10                 

4 Cohesionless -227 -239 12 122.4 60     35 30 2.0 40 200 3.0 3.4 54 

5 Cohesive -239 -251 12 120.4 58 700 6.67                 

6 Cohesionless -251 -270 19 120.4 58     25 20 1.4 12 60 1.2 2.0 15 

7 Cohesionless -270 -280 10 112.4 50     25 20 1.4 12 60 1.2 2.0 15 
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Figure B.8: Graphical Representation of Input Axial Capacities in Compression and in 

Tension. 

The horizontal load at system collapse (i.e., base shear, PH) of the foundation 

system at a specified moment arm above the mudline (h) can be determined by varying 

the horizontal load such that the external work rate applied by the system loads is equal to 

the internal work rate associated with the system capacity. When this occurs, the 

performance function, g(x), should be sufficiently close to 0.0 (less than 1x10
-3

). The 

horizontal collapse loads can be obtained at various moment arms for a foundation 

system. The overturning moment (M) can be calculated for each combination of moment 
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arm and base shear using Equation B.4. Finally, the base shear versus overturning 

moment capacity interaction curve can be constructed. 

 

               (B.9) 

 

 

Figure B.9: Graphical Representation of Input Lateral Capacity. 
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the simplified foundation collapse model and 3-D structural models based on the finite 

element method indicate that the simplified foundation collapse model overestimates the 

base shear (and therefore overturning moment) causing foundation system failure by 

about 10 %. Therefore, the base shear and overturning moment on the interaction curve in 

Figure B.10 are 10 % less than the values obtained directly from the simplified 

foundation collapse model. This curve represents the expected foundation system 

capacities of Platform 1 in the end-on direction. 

The expected foundation system capacity interaction curve is an envelope; for 

hurricane loads located within the envelope, the foundation system is expected to be 

stable; otherwise, it is expected to fail. The first region along the interaction curve 

corresponds to the shear failure mechanism, which is the initial part of the interaction 

curve at a small overturning moment. In this region, base shear increases with increasing 

overturning moment or moment arm because of pile batters. The capacity of the 

foundation system is dominated by lateral capacities of piles and conductors in a shear-

dominated failure mechanism. The other extreme at a large overturning moment or 

moment arm corresponds to an overturning failure mechanism. In this region, base shear 

reduces rapidly with increasing overturning moment or moment arm. The capacity of the 

foundation system is dominated by axial capacities of piles in an overturning-dominated 

failure mechanism. The region between these two extremes, where the interaction curve 

bends over, corresponds to a combined shear and overturning failure mechanism. In this 

region, both lateral capacities of piles and conductors and axial capacities of piles 

contribute significantly to foundation system capacity. 

The maximum hurricane load is higher than the expected foundation system 

capacity (Figure B.10). As a result, the foundation system is expected to fail in Hurricane 

Katrina. The dominant failure mechanism is a combined shear and overturning failure 
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mechanism, as a line drawn from the origin to the hurricane load passes through such a 

region on the interaction curve. 

 

 

Figure B.10: Example Foundation System Capacity Interaction Curve of Platform 1 in 

End-on Direction. 
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Appendix C:  Derivation of Upper-Bound Plasticity Solutions for 

Lateral Capacity of Single Pile with Leg Stub 

 

Consider a single pile with a leg stub of length h embedded in a soil profile with 

constant lateral soil resistance, R0 (Figure C.1). 

 

 

Figure C.1: Upper-Bound Plasticity Model of Single Pile with Leg Stub in Soil Profile 

with Constant Lateral Soil Resistance. 

The external work rate (    
̇ ) applied by the system load (Fult) can be calculated 

using Equation C.1. 

 

 ̇                  (C.1) 

where v is the virtual velocity at the pile head. 

 

The internal work rate associated with the dissipation of energy in the soil 

(         
̇ ) can be calculated using Equation C.2. 
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The internal work rate associated with the dissipation of energy due to the 

formation of plastic hinges in the pile can be calculated using Equation C.3. 

 

         
̇     

 

  
        (C.3) 

where Mp is the plastic moment capacity of the pile. 

 

The total internal work rate is equal to the work rate associated with the 

dissipation of energy in the soil and in the pile as follows: 
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The distance between the two plastic hinges (l0) can be found by minimizing the 

internal work rate, which is achieved as follows: 

 
 

   
    

̇  
 

 
       

 

  
         (C.5) 

 

l0 is then found by solving Equation C.5. 

 

    √
  

  
         (C.6) 
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Now that l0 is found, the critical horizontal load causing the collapse of this pile 

(Fult) can be determined by equating the internal work rate associated with the dissipation 

of energy in the soil and in the pile (Equation C.4) to the external work rate applied by 

the system load (Equation C.1), which is shown in Equation C.7. 

 

     
 

 
   ( √

  

  
)     

 

( √
  

  
)

          (C.7) 

 

Fult is found by solving Equation C.7. 

 

          √           (C.8) 

 

Similarly, this approach can be applied to a more common soil profile with 

linearly increasing lateral soil resistance, which is characterized by Equation (C.9). This 

problem is illustrated in Figure C.2. 

 

            
         (C.9) 

 

The external work rate (    
̇ ) applied by the system load (Fult) can still be 

calculated using Equation C.1. Also, the internal work rate due to the dissipation of 

energy in the pile can still be calculated using Equation C.3. However, the internal work 

rate due to the dissipation of energy in the soil is now calculated using Equation C.10. 
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Figure C.2: Upper-Bound Plasticity Model of Single Pile with Leg Stub in Soil Profile 

with Linearly Increasing Lateral Soil Resistance. 

The total internal work rate due to the dissipation of energy in the soil and in the 

piles is as follows: 
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To find l0, the approach used previously (e.g., in Equation C.5) can still be used. 

 
 

   
(    

̇ )  
 

 
    

 

 
     

 

 
         

 

  
      (C.12) 

 

Fult

h

l0

z*

Plastic 
Hinges

Leg 
Stub

R(z*)= R0 + R1z*

z

v



 279 

Equation C.12 can be reduced to Equation C.13 

 

  
  

 

 

      

  
  
  

   

  
         (C.13) 

 

The solution for l0 can be obtained analytically or numerically. Since Equation 

C.13 only has one real root, the analytical solution of l0 is shown as follows: 
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where 
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Once l0 is found, the critical horizontal load causing the collapse of this pile (Fult) 

can be determined by equating the internal work rate associated with the dissipation of 

energy in the soil and in the pile (Equation C.11) to the external work rate applied by the 

system load (Equation C.1). 
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