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Technical Assessment Report 

1.0 Notification and Authorization  

The NASA Engineering and Safety Center (NESC) was requested to support the Arecibo 

Observatory failure investigation in determining the root cause of the Auxiliary M4N cable 

failure. The NESC and Kennedy Space Center (KSC) led an integrated NASA investigation with 

support from Marshall Space Flight Center (MSFC) and The Aerospace Corporation that 

included forensic investigation of failed hardware, finite element modeling, materials 

characterization, and root cause analysis. Investigation was conducted in collaboration with 

Wiss, Janney, Elstner Associates, Inc. (WJE). 

The key stakeholders for this assessment are the University of Central Florida (UCF), the 

National Science Foundation (NSF), and the NASA Science Mission Directorate (SMD). 

The following table lists the key personnel and major historical dates of the assessment: 

NESC Lead Azita Valinia, NESC Chief Scientist 

NESC Technical Lead Gregory Harrigan, NESC Associate Principal 

Engineer 

Approval to Proceed August 24, 2020 

Assessment Plan February 18, 2021 

Final Report June 15, 2021 

 



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  10 of 635 

2.0 Signature Page 

Submitted by: 

Team Signature Page on File – 6/24/21 

 

Dr. Azita Valinia Date 

Prepared by: 

 

Mr. Gregory Harrigan Date 

Significant Contributors:   

  

Mr. Pavel Babuska Date Dr. Vinay Goyal Date 

 

Mr. Nathan Trepal Date 

 

 

 

 

 

 

 

 

Signatories declare the findings, observations, and NESC recommendations compiled in the 

report are factually based from data extracted from program/project documents, contractor 

reports, and open literature, and/or generated from independently conducted tests, analyses, and 

inspections. 

  



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  11 of 635 

3.0 Team List 

Name Discipline Organization  

Core Team 

Azita Valinia NESC Lead GSFC 

Gregory Harrigan NESC Technical Lead KSC 

Pavel Babuska Structural Engineer The Aerospace Corporation 

Jerry Buhrow Materials and Processes Engineer KSC 

Vinay Goyal Systems Engineer The Aerospace Corporation 

Eric King Materials and Processes Engineer MSFC 

Michael Lane KSC Prototype Shop KSC 

Nathan Trepal Materials and Processes Engineer KSC 

Consultants 

Kauser Imtiaz NASA Technical Fellow for Structures JSC 

John Ivester Metrology Engineer MSFC 

William Prosser NASA Technical Fellow for NDE LaRC 

Rick Russell NASA Technical Fellow for Materials KSC 

James Smith NESC TDT Structures Deputy JSC 

Bryan Tucker Materials and Processes Engineer MSFC 

Matthew Jarrett Senior Engineer WJE 

Jonathan McGormley Principal Engineer WJE 

Brian Santosuosso Principal Engineer WJE 

Robert Warke Materials and Processes Engineer WJE 

Business Management 

Kay Little Program Analyst LaRC/MTSO 

Assessment Support 

Linda Burgess Planning and Control Analyst LaRC/AMA 

Jonay Campbell Technical Editor LaRC/KBR 

Kylene Kramer Project Coordinator LaRC/AMA 

3.1 Acknowledgments 

The team would like to thank the many peer reviewers who provided valuable input to this 

report. 

  



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  12 of 635 

4.0 Executive Summary 

NASA was asked by the University of Central Florida (UCF), the organization managing 

Arecibo on behalf of the National Science Foundation (NSF), to support the investigation into 

the Arecibo Observatory auxiliary cable failure. The scope of work included technical support of 

NSF-led efforts, independent forensics and failure analysis of the Auxiliary Main (Aux M4N) 

socket, independent modeling of the socket, materials testing, and fishbone analysis to determine 

the most probable contributors and failure scenario. The overall effort was a collaboration 

between the NASA Engineering and Safety Center (NESC); Kennedy Space Center (KSC); 

Marshall Space Flight Center (MSFC); Wiss, Janney, Elstner Associates, Inc. (WJE); and The 

Aerospace Corporation. The primary objectives were to support the NSF’s investigation and 

provide an independent assessment of any systemic concerns that could impact NASA or the 

broader engineering community. 

KSC led the forensic investigation of the Aux M4N socket joint in collaboration with the NESC, 

WJE, and The Aerospace Corporation. Additionally, outside experts in the field of structural 

cabling were consulted on the team’s findings. The integrated NASA investigation team 

evaluated all available investigation data through cause-and-effect analysis and developed a most 

probable failure scenario. Forensic data and observations were evaluated in combination with 

structural modeling, materials testing, and additional background data gained through literature 

review and from WJE. 

The NASA/Aerospace team concludes that the most probable cause of the Aux M4N cable 

failure was a socket joint design with insufficient design criteria that did not explicitly consider 

socket constituent stress margins or time-dependent damage mechanisms. The socket attachment 

design was found to have an initially low structural margin, notably in the outer socket wires, 

which degraded primarily due to zinc creep effects that were activated by long-term sustained 

loading and exacerbated by cyclic loading. Additionally, a few wires showed evidence of 

hydrogen-assisted cracking (HAC) and wire surface defects that may have contributed to initial 

outer wire failures. 

In-service inspections showed evidence of progressive zinc extrusion on several Arecibo sockets, 

which in hindsight indicated significant cumulative damage. However, the design did not contain 

set service-life inspection intervals with pass/fail inspection criteria, nor did it specify an end-of-

life capability requirement associated with service life degradation. Design verification should 

account for a worst-case build condition that is traceable to in-service inspection of features (e.g., 

zinc creep/extrusion). 

A combination of low socket design margin and a high percentage of sustained loading revealed 

an unexpected vulnerability to zinc creep and environments, resulting in long-term cumulative 

damage and progressive zinc/wire failure. The resulting core-pullout failure mode that preceded 

observatory collapse was found to be (1) unique compared with other industry applications, (2) 

insufficiently addressed within existing standards, and (3) a potential risk for similar designs that 

should be characterized. 

The unexpected vulnerability was further compounded by an effective design factor of safety 

that was significantly less than the minimum to ensure structural redundancy in the event of a 

cable failure. After the Aux M4N failure and before the main cable failure, additional loads 

analyses incorrectly asserted acceptable positive margin for the remaining structure despite no 
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understanding of why a cable had failed at half the rated breaking strength. In hindsight, the 

structure was vulnerable to collapse after the Aux M4N failure. 

The team recommends additional research on the mechanics of spelter sockets, development of 

inspectable pass/fail criteria for time-dependent failure modes, and risk assessment for sockets in 

service. Research should include examination of additional Arecibo sockets to further knowledge 

on progressive failure mechanisms and inform guidance on best practices for spelter socket 

design and usage. 

The investigation team offers the body of work to the community as an incremental step in 

understanding the contributing factors and toward the goal of preventing similar occurrences. 
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5.0 Assessment Plan 

Spelter sockets of this type are used throughout industry with no documented examples of this 

type of failure. The NESC engaged in the investigation to support root cause determination of the 

Aux M4N socket failure, provide technical expertise toward restoring Arecibo capability prior to 

the eventual collapse, and inform NASA/industry of systemic risk or recommendations to update 

industry standards. 

The overall Arecibo failure investigation is managed by the NSF and their contractor, Thornton 

Tomasetti (TT). Root cause investigation into the Aux M4N socket/cable failure was led by an 

integrated team consisting of NASA, The Aerospace Corporation, and WJE, who conducted 

forensic investigation of the recovered Aux M4N socket, materials characterization, finite 

element modeling, and fishbone/fault tree analyses. 

• The NESC’s role throughout the investigation was to provide independent technical 

support/assessment, management of the overall investigation efforts, and independent 

assessment of the Aux M4N root cause including any systemic risk. 

• KSC Engineering led sectioning/forensics of the socket with support from WJE and the 

NESC. KSC was originally contacted by UCF in mid-August 2020 for failure analysis and 

nondestructive evaluation (NDE) expertise to evaluate both the Aux M4N and the 

compromised Arecibo structure; this effort was funded by the Science Mission Directorate 

(SMD) and the NESC. 

• The Aerospace Corporation, as part of the NESC team, conducted finite element modeling 

and participated in NASA’s independent root cause analysis toward characterizing 

socket/cable mechanics and developing a likely progression of failure. 

• MSFC conducted materials-level testing to characterize socket constituent material behavior 

and inform finite element modeling studies.  

• The integrated NASA/Aerospace team developed a fishbone analysis of the Aux M4N socket 

that integrated all available information and led to findings and NESC recommendations 

regarding the root cause and corrective actions. 

• Additional group(s), including TT, were tasked by the NSF with investigating the overall 

Arecibo failure; these investigations are not integrated into the NESC team’s work and may 

provide additional data/insight into the failure. 

• NASA and WJE are publishing independent reports that summarize investigation findings 

and reference each other’s work where applicable (see Table 5.0-1). All NASA data products 

are included as appendices within this report. 

Table 5.0-1. NASA Investigation Roles and Responsibilities 
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6.0 Failure Event Introduction and Observatory Overview 

The Arecibo Observatory is a radio astronomy, solar system radar, and atmospheric physics 

facility of the NSF, operated under cooperative agreement by the UCF. The facility was home to 

a telescope that was uniquely capable of characterization and orbital refinement of planets, 

comets, and asteroids; detecting optically invisible gas and revealing areas of interstellar space 

obscured by cosmic dust through its detection capability in the radio spectrum; and studying 

Earth’s upper atmosphere through the combination of incoherent scatter radar and optical Light 

Detection and Ranging (LIDAR). 

At 2:35 a.m. local on August 10, 2020, the Aux M4N structural cable failed during normal 

observatory operations. The failed cable was a primary component of the system used to suspend 

the large, steel-framed platform (feed platform) above the telescope reflector dish. The naming 

convention for the Aux M4N cable refers to which cable construction (Main or Auxiliary), which 

tower (Tower 4), and which side of the tower (North or South). Thus, the Aux M4N is denoted 

as an auxiliary cable terminating on the North side of Tower 4. Tower 4 and the socket 

termination of Aux M4N are shown in Figure 6.0-1. In the left image, the socket can be seen 

disconnected from the cable and resting on the deck of Tower 4 platform. Figures 6.0-2 and 

6.0-3 show the remnants of the socket cavity and the failed cable end with pulled out wires. 

On November 6, 2020, one of the four original main cables of Tower 4 failed. This second cable 

failure differed from the Aux M4N failure in that it was one of the original main cables, which 

employed a different structural strand construction and a different cable termination. Finally, on 

December 1, 2020, a second original main cable at Tower 4 failed, causing a chain reaction of 

failures and load imbalances in the observatory suspension cable system that led to the total 

collapse of the observatory and supporting tower segments. 

 
Figure 6.0-1. Tower 4, including Socket 
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Figure 6.0-2. Wire Strands inside Failed Socket 

    
Figure 6.0-3. Pulled-Out Cable Wire, Strands and Zinc (side view) 

6.1 Arecibo Observatory Timeline 

Table 6.1-1 shows a timeline of relevant events associated with the Arecibo Observatory. 

Table 6.1-1. Arecibo Observatory Timeline [reprinted from ref. 1] 

Date Event 

1960 Design and construction begins for the Arecibo Ionospheric Observatory. 

Nov 1, 1963 Opening of the Arecibo Ionospheric Observatory. 

Oct 1, 1969 NSF assumes oversight of the observatory from the Department of Defense. 

Wire strands inside failed socket
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Date Event 

Sept 1971 NASA joins with NSF to form the National Astronomy and Ionospheric Center 

(NAIC). 

1971 Cornell University named to operate/manage the observatory. 

1972-1974 Primary reflector receives new aluminum panel surface and S-band radar equipment is 

installed. 

Sept 1981 Replacement of center backstay A12-3 due to six wire breaks. 

1992-1997 Design and construction of Gregorian Dome upgrade and ionospheric radar line feed 

completed. 

Apr 4, 2003 Condition survey performed by Ammann & Whitney. Towers T-4 and T-12 aux main 

cable sockets noted as having ½-inch separation from base of socket. 

2003 Cable sag measurements and cable tension analysis performed by Ammann & Whitney. 

Sept 15, 2004 Tropical Storm Jeanne impacts observatory with maximum wind speeds of 70 miles per 

hour (mph). 

Aug 29, 2006 Cable sag measurements and cable tension analysis performed by Ammann & Whitney. 

Feb 3, 2010 Crack in feed platform vertical truss member identified. 

Sept 2010 -

Feb 2011 

Strengthening repairs to feed platform trusses completed. Telescope to operate under 

new dome movement limits. 

2011 SRI International named to operate/manage the observatory. 

Jan 13, 2014 Magnitude 6.4 earthquake centered approximately 50 miles north of Arecibo in the 

Atlantic Ocean. 

Mar 11, 2014 M8-4 Jumper system installed to bypass upper splice box cable with nine broken wires 

observed after earthquake. 

Jun 13, 2016 LIDAR cable scan completed to measure tension. 

Sept 7, 2017 Hurricane Irma passes near observatory, no damaged observed. 

Sept 20, 2017 Hurricane Maria impacts observatory with peak winds of 105 mph. Line feed falls into 

reflector. 

2018 UCF named to operate/manage the observatory. 

Feb 18, 2019 Inspection of Aux M4N showing separation of zinc varying from ¾ inch to  

1 3/8 inches. 

Jan 7, 2020 Magnitude 6.4 earthquake centered approximately 50 miles southwest of Arecibo in 

Indios. 

Mar 2020 Design for replacement of M8-4 cable completed. 

Jul 20, 2020 Tropical Storm Isaias impacts observatory with peak winds of 45 mph. 

Aug 10, 2020 Cable Aux M4N failed. 

Aug 11, 2020 Gregorian Dome moved to stowed position. 

Sept 20, 2020 Planned stabilization of structure.  

Nov 6, 2020 Cable M4-4 failed. 

Nov 19, 2020 NSF announces decision for a controlled demolition of Arecibo. 

Dec 1, 2020 Cable M4-2 fails, resulting in collapse of the telescope. 
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6.2 Aux M4N Cable Structure Description 

The Arecibo Observatory was originally constructed in 1963 and was progressively 

upgraded/updated over its lifespan. In the 1990s, the structure was upgraded to include auxiliary 

main cables that provided a counterbalancing axial force to the original main cables and 

increased the capability of the feed platform to support the Gregorian Dome below the platform 

(the upgrade history is shown in Figure 6.2-1).  

 
Figure 6.2-1. Color-coded Diagram of Feed Platform Support Structure with Upgrade Indications 

The cable suspension structure consisted of three towers spaced 120 degrees apart that supported 

main, auxiliary, and backstay cables. The three towers are denoted as Tower 4, Tower 8, and 

Tower 12, representing their closest position to a cardinal clock face. Towers 4 and 8 had 

North/South designations, while Tower 12 had an East/West designation for adjacent hardware. 

For the original design, each tower supported four original 3.0-inch diameter main cables and 

five 3.25-inch diameter backstay cables. After the upgrades in the 1990s, each tower received 

another pair of 3.25-inch auxiliary main cables and two additional 3.625-inch backstay cables to 

support the upgraded mass of the Gregorian Dome. The Aux M4N cable is shown in red 

highlight for various views in Figures 6.2-2 through 6.2-4. 
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Figure 6.2-2. Elevation Drawing S-2, highlighting Failed Aux M4N Cable in Red 

 

 
Figure 6.2-3. Horizontal Cable Projections, Drawing S-1, highlighting Failed Aux M4N Cable in 

Red 

 

 
Figure 6.2-4. Feed Platform Plan, Drawing S-9, highlighting Failed Aux M4N Cable in Red 
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The failed Aux M4N cable was specified as structural strand per American Society for Testing 

and Materials (ASTM) Standard A586-91 [ref. 2], premium grade, Class A steel galvanized wire 

coating, with a minimum rated breaking strength of 1,313 kips. Cables were manufactured at the 

Williamsport Wirerope Works (now Wirerope Works, Inc. [ref. 3]) in 1993. 

The Aux M4N structural strand follows a 1×127 construction and consists of 126 individual 

0.25-inch diameter wires wrapped around a single, seven-wire strand in six concentric rings with 

a pattern of 6, 12, 18, 24, 30, 36 wires, as shown in Figure 6.2-5. Each individual wire has a 

specified minimum yield strength of 160 ksi, minimum ultimate tensile strength of 220 ksi, and 

elastic modulus of 23,000 ksi. Note that the main and backstay cables did not use this same 

1×127 structural strand construction and are not detailed in this report. 

 
Figure 6.2-5. Cross Section of 1×127 Structural Strand 

An open spelter socket termination was used on the tower end of the cable, while a closed bridge 

spelter socket was used at the feed platform end, shown in Figure 6.2-6. All sockets and 

components were specified to be hot-dipped galvanized in accordance with ASTM A123 [ref. 4]. 

Casting material used in the spelter was to be “High Grade,” meeting ASTM B6 requirements for 

commercially pure zinc [refs. 1, 5]. There were no available tensile or compressive strength 

specifications for the zinc as a structural material. However, a substantial effort was undertaken 

to characterize the zinc material properties for use in the structural analysis and to anchor failure 

analysis observations. Discussion on the zinc occurs in later sections of this document. 

The nomenclature applied to the failed Aux M4N open spelter socket in question is shown in 

Figures 6.2-7 and 6.2-8. 
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Figure 6.2-6. Cable Details, Drawing S-13, Specific to Failed M4N Auxiliary Cable 

 

  
Figure 6.2-7. WWW Shop Drawing for Open Strand Socket 
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Figure 6.2-8. Nomenclature used to Describe Parts of Failed Socket 

6.3 Investigation Process and Report Structure 

The NASA/Aerospace team developed a best-effort systematic fishbone and evaluated 

supporting and refuting evidence for each potential causal factor of the M4N Auxiliary Main 

cable. Cause and effect hypotheses were developed for each factor and evaluated for credibility 

using supporting/refuting evidence. Data were sourced from NASA/Aerospace independent 

testing/analysis, WJE, and other external referenced material. Rating criteria used by the team 

assigned a credibility rating and a contribution level based on a weighing of evidence. The 

credibility rating and a severity of contribution were used to rank potential factors and develop 

credible failure scenarios. A scenario matrix was developed from the fishbone dispositions and 

prioritized based on the credibility rating (see Table 6.3-1). This matrix was used to develop a 

likely progression of failure and most probable contributing factors. 
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Table 6.3-1. Top-level Fishbone Structure (ratings not shown) 

1. Design 2. Loads/Environments (In-service) 3. Build Variability 

a. Insufficient Design Criteria   a. Improper Nominal Loads 

Characterization   

a. Zinc Spelter   

b. Material Incompatibility   b. Improper Survival Loads 

Characterization   

b. Wires   

c. Insufficient Qualification   c. Improper Moisture Environment  

Characterization   

c. Wire Brooming  

d. Insufficient Acceptance Criteria  d. Socket Outer Casing  

  e. Poor Wire/Zinc Bond  

 

4. Maintenance 
5. Environmental Assisted 

Degradation 
6. Failure Mechanisms 

a. Insufficient Training – not rated a. Corrosion   a. Fatigue 

b. Insufficient Inspection  b. Hydrogen-assisted Cracking (HAC)  b. Creep  

c. Inadequate Instrumentation – not rated c. Stress Corrosion Cracking   c. Strength  

d. Repairs – not rated     

Note: Schedule constraints and incomplete access to data resulted in consideration of some evidence that 

was not fully independently verified and in a few bones in the fishbone analysis not receiving a formal 

rating. 

The main body documents a subset of the overall effort with a focus on analysis that supports the 

findings, failure progression, and NESC recommendations. The comprehensive data and 

analyses are contained in appendices or referenced to external sources. The investigation team 

offers the body of work to the community as an incremental step in understanding the 

contributing factors and toward the goal of preventing similar occurrences. 

6.4 Fabrication Process 

The team evaluated the fabrication process of zinc spelter sockets to gain an understanding of 

typical construction standards, the load transfer mechanism, and potential vulnerabilities. 

Information was sourced from discussions with industry experts and literature research and was 

used in the root cause analysis process to understand observations from forensic analysis and 

support modeling/simulation studies. 

Open spelter socket terminations similar to those used at Arecibo have extensive usage within 

industry and historically are considered a highly efficient and reliable safety-critical cabling 

mechanism. The fabrication and build verification process is inherently manual and 

workmanship sensitive. The key steps in the preparation and manufacture of open spelter socket 

terminations are: 

• Install seizing at the termination of the socket. This involves “tying off” a portion of the 

cable to provide a root location where the individual wires will not separate and can exit the 

socket. 

• Broom the wires by unwinding and straightening the wire segments above the seizing. Wires 

form an expanded shape to occupy the volume of the conical socket. 

• Ultrasonically clean the broomed wires by dipping in a citrus-based solvent and then drying. 

• Apply zinc ammonium chloride flux by dipping for a prescribed time and allowing to dry. 
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• Install the socket hardware around the broomed wires, ensuring the cable is aligned 

concentrically with the socket at the location of seizing. 

• Seal socket opening to ensure no molten zinc can flow from the bottom of the socket. 

• Preheat the socket to a specified value to better match thermal shock of molten zinc pour. 

• Fill the heated socket with molten zinc. 

• The target temperature for pouring zinc is between 800 and 875 degrees Fahrenheit (°F). This 

is accomplished by increasing the zinc temperature during ladling by up to 100 °F to 

accommodate the cooling that occurs during the manual process of transferring molten zinc. 

After construction, the socket terminations commonly receive a proof test load as a workmanship 

screen to ensure adequate bond strength developed between the zinc and broomed wires and to 

seat the constituents within the conical socket [ref. 6]. The proof load level can be specified by 

the customer as a percentage of rated breaking strength or some proportion of design load. A 

proof test to 50% of the rated breaking strength is a common target load value. Note that the 

authors were not provided any record of the individual cable termination proof test data, so the 

exact history of Aux M4N was not independently verified. 

Interviews by WJE/NASA were conducted with two industry experts: Thomas Secules (retired), 

formerly of Wirerope Works, Inc., and Timothy Klein, WireCo WorldGroup. The goal of the 

separate interviews, conducted on April 29 and 30, 2021, was to discuss the fabrication process 

with industry experts, confidentially review failure analysis data and model reconstruction of the 

Aux M4N build, learn about acceptance criteria of such socket termination designs, and review 

inspection photos suggesting creep of the zinc at the termination. The interview commentary is 

summarized here: 

• Neither expert had knowledge of failures in open spelter sockets similar to that of Aux M4N 

(partial section fracture leading to cable core pullout). 

Author’s note: The authors do not know if this is because the Arecibo Observatory 

application is fundamentally unique, if the build of Aux M4N is unique, or if other cables 

that failed in Arecibo contained a partial core pullout as well. The authors were not 

given the ability to review the final failed state of the Main cable failures that occurred 

during final observatory collapse. 

• Both experts briefly independently reviewed failure analysis/modeling reconstruction  

(Figure 6.4-1 images and additional data) of the Aux M4N socket and stated that the wire 

brooming construction and zinc pour look typical of similar sockets within industry and are 

not indicative of any fabrication defects. 

• Additional discussion of the Aux M4N socket with Thomas Secules indicated that the 

fabrication process is controlled through best-practice wire brooming, inspection of the 

socket prior to zinc pour, and, finally, workmanship screening by proof testing of the 

constructed termination. 

• Brooming quality is largely controlled through training with a seniority system in place that 

would have relied on the most experienced fabricators for this socket size. The likelihood of 

process escapes for this socket was verbally stated as unlikely. 

• Both experts reviewed photos taken through observatory service life showing 0.5 inch of zinc 

seating extrusion in 2003 and approximately 1 3/8 inches extrusion in 2019. Both stated that 
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this degree of zinc movement looked atypical versus other similar sockets and was indicative 

of socket damage (see Figure 6.4-2). 

• The industry experts indicated that creep of the socket termination constituents is not 

typically a priority concern or even taken into account. American Society of Civil Engineers 

(ASCE) Standard 19 C3.3.1.5 [ref. 7] discusses creep in the context of overall structure 

shape/stability but not for the cable termination itself. 

 
Figure 6.4-1. Aux M4N Wire Reconstruction (left) and Interim Forensic Analysis of Zinc Spelter 
and Wires showing Wire Fracture Pattern of Wire Segments Left in Socket Termination (right) 

 

    
Figure 6.4-2. 2003 Photo of Aux M4N (left) showing ~0.5-inch Zinc Seating Extrusion and 2019 

Photo (right) showing ~1 3/8-inches Extrusion [ref. 1] 
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7.0 Data Analysis 

The NESC assessment process used a combination of data from independent NASA assessment 

and referenced data from the WJE investigation. NASA, The Aerospace Corporation, and WJE 

worked collaboratively during the investigation but are providing separate independent 

assessments. The facility overview is summarized in the following section as background 

information but is discussed in detail in the WJE report [ref. 1]. 

7.1 Arecibo Observatory Structural Loading Assessment 

The first load experienced by a newly manufactured socket is the socket proof test to 50% of the 

specified cable breaking strength. In the case of Aux M4N, this corresponds to a load of roughly 

660 kips. 

The auxiliary main cables were originally installed to support 602 kips of dead load that included 

all modifications to the feed platform, the new Gregorian Dome, cables, and tie-down loads at a 

temperature of 90 °F. Design loads also considered a 50-mph wind loading at 90 °F, which 

produced an auxiliary main cable tension of 615 kips, and a survival loading with a wind speed 

of 100 mph at 90 °F, which increased the auxiliary main cable tension to 622 kips. WJE obtained 

the TT model and performed sensitivity studies on the receiver position, total receiver load, and 

cable sag measurements to determine distribution of cable tension in the observatory. Although 

not independently verified by The Aerospace Corporation and NASA, WJE found that tension in 

the Aux M4N cable could have been up to 15% higher than reported on the original design 

drawing. The distribution of cable tensions varied based on analysis assumptions, and the reader 

is encouraged to review the WJE analysis [ref. 1] for additional details. 

7.2 Failure Analysis of M4N Aux Socket/Cable 

NASA and WJE collaborated on a material forensics plan for the Aux M4N socket, clevis pin, 

and cable end. During the forensic investigation, results and observations were continuously peer 

reviewed and analyzed by the combined NASA/WJE team, in addition to other investigation 

elements, including finite element modeling of the as-built configuration and materials testing to 

establish a likely progression of failure.  

Evidence was protected from further degradation to the extent feasible while at Arecibo and 

through transportation to KSC for further laboratory analysis. Visual inspection and chemical 

analysis were the first tasks, followed by nondestructive analysis, which included radiography 

and magnetic particle inspections, metrology, and three-dimensional (3D) laser scanning.  

3D laser scanning was performed prior to sectioning and after each sectioning step to improve 

the surface topography captured from within the socket cavity and to aid in the construction of an 

F-1. The Aux M4N socket build process and original construction was typical of zinc 

spelter open-socket terminations. 

F-2. Zinc extrusion of Aux M4N socket as documented in 2019 indicated an unquantified 

degree of damage and a nonconformance. 

F-3. Creep behavior of the zinc spelter socket termination constituents (zinc or broomed 

wires) is not a failure mode typically evaluated for these sockets. 
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as-built finite element model. 3D prints were made as forensic support aids from the 3D laser 

scans. 

Next, the socket was dissected, first longitudinally into left and right halves, followed by 

transverse cuts in each half starting from the casting cap side of the socket halves and moving 

toward the wire fractures near the socket base. During the sectioning process, areas of interest 

were analyzed and/or sectioned off for further microscopy. The zinc casting was analyzed by 

metallography, and the wire fractures were extracted from the zinc for fractography. Lastly, 

material testing was performed on socket and virgin material to characterize mechanical 

properties and metallurgy. Additional details of the failure analysis are contained in Appendix A. 

7.2.1 Socket and Cable 

7.2.1.1 Socket 

3D laser scanning performed prior to dissection identified a few notable features for additional 

study in the as-received socket (Figure 7.2.1.1-1). First, a slight angle to the clevis tangs was 

observed that did not appear to affect removal of the clevis pin from the tangs or result in 

impingement on the clevis pin due to the angle of the tangs. Second, a skew was noted in the 

socket cavity with respect to the socket end where the cable entered. The positioning is 

approximately 5° toward 9 o’clock and 5° toward 12 o’clock. The left image in Figure 7.2.1.1-2 

is a top-down view of the socket cavity showing a 5.2° skew in the cavity with respect to the 

centerline. An overlay of the intact wires (pulled out) from a reconstruction of the as-built wire 

brooming demonstrates how the wires were approximately positioned within the socket. Above 

the overlay is a full wire model with the fractured wires shown semi-transparent to indicate the 

asymmetry in the fractured wires. The right image in Figure 7.2.1.1-2 is a 3 o’clock-to-9 o’clock 

view of the socket cavity showing a 5° skew in the cavity with respect to the centerline. The 

intact wires are overlaid on top of the laser scan, and a full wire model is shown above with the 

fractured wires semi-transparent, showing the asymmetry in the fractured wires. 

   
Figure 7.2.1.1-1. As-received Socket Cavity 

The skew in the cavity is explained by the pattern of wire fractures; most fractured wires were 

located between approximately 2 and 7 o’clock. Between these two positions, progressively 

more inner ring wires were fractured. This pattern differed from the rest of the clock positions 

around the socket, where only outer ring wires had fractured, and six outer ring wires did not fail 
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(9 o’clock position, opposite the bulk of the fractured wires). Further analysis on the cause of the 

observed fracture pattern is discussed in later report sections. 

 
Figure 7.2.1.1-2. Overlays of Intact Wires that Pulled Free of Joint, with Full Broom Above 

Left images are top view of socket; right images are a 9 o’clock view. 

Metrology measurements were taken of the socket and clevis pin and compared with 

specifications within the structural stand and wire rope catalog [ref. 8]. Comparison of 

measurements against the specification values shows variability (±0.25 inch), as seen in  

Figure 7.2.1.1-3. The socket is a steel casting, and some amount of variability in the final 

dimensions is expected due to the nature and amount of precision in the casting process of this 

type and size. From discussion with industry experts, each foundry defined the socket casting 

dimensions to meet the drawing tolerances. Magnetic particle inspection was performed on the 

outer cone of the cast socket forging and revealed no cracks. 

 
Figure 7.2.1.1-3. Dimension Diagram and Specification Row from Structural Strand and Wire 

Rope Catalog [ref. 8] 
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The as-measured metrology measurements for the socket and clevis pin are highlighted in gold. 

7.2.1.2 Cable 

The cable comprised 126 0.25-inch diameter wires and a center wire comprising seven smaller-

diameter wire strands. Wires were arranged in concentric rings consisting of, from outside to 

inside, 36, 30, 24, 18, 12, and 6 wires (see Figures 7.2.1.2-1 and 7.2.1.2-2). 

 
Figure 7.2.1.2-1. As-received Cable End Section 

 

 
Figure 7.2.1.2-2. Cable Cross Section 
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7.2.1.3 Sectioning 

The socket was initially sectioned with a band saw to remove the clevis tangs. The socket cavity 

was protected and media blasted to remove the paint coating prior to magnetic particle inspection 

of the socket cone outer diameter. A longitudinal cut was made along the 5:30 to 11:30 clock 

positions, creating what were labeled the 3 o’clock and 9 o’clock halves of the socket cone. 

(Figure 7.2.1.3-1). 

 
Figure 7.2.1.3-1 (Appendix A Figure 30). Photo of Socket Base with Top of Socket at Top of Image 

The 12 o’clock position around the socket base is associated with the top of the socket, and the 

3 o’clock position is associated with the right side of the socket, as if looking at the socket from 

the feed platform, facing the tower. The red line identifies the intended plane for the initial 

longitudinal cut of the socket cone. Note that the cut was intended to be slightly off-center to 

avoid any visually identifiable fracture surfaces. The fracture surface of one wire was partially 

cut. 

Transverse slices of each half of the socket were made, starting near the casting cap and moving 

toward the socket base with each subsequent cut. Slices were named 3a, 3c, 3e, and 3g for the 

F-4. Socket housing dimensions were within wire rope catalog specifications. 

F-5. The Aux M4N cable met the drawing requirements for a 3.25-inch diameter cable 

(see Appendix D). 

F-6. The Aux M4N cable end section and socket cavity are skewed compared with the 

socket's longitudinal centerline axis. 
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3 o’clock half and 9a, 9c, 9e, and 9g for the 9 o’clock half (see Figure 7.2.1.3-2); 3a and 9a are 

the transverse slices that include the casting cap, and 3g and 9g are the transverse slices that 

include the socket base.  

 
Figure 7.2.1.3-2 (Appendix A Figure 31). Zinc Socket Cavity Transverse Section Labeling 

The wire fracture surfaces embedded in the socket zinc casting were in various states of 

accessibility, with some protruding from the casting, some observed along the concave surfaces 

of the casting inner diameter, and others completely buried in zinc and not visible (where the 

transverse band saw cut revealed the presence of these wires within the zinc casting volume). 

Initially, wire fracture surface removal was attempted by mechanical means. Abrasive cutoff 

wheels were used to cut the slices into smaller, more manageable pieces to access the individual 

fractured wire ends during dissection and hydrochloric-acid zinc removal, and to cut samples for 

scanning electron microscopy (SEM), mechanical testing, and metallography. 

Fractography analysis of the wires required removal of the zinc surrounding the wires to expose 

any fracture surfaces encased by the zinc because of the overall socket failure. The left image in 

Figure 7.2.1.3-3 shows one of the removed sections of zinc with varying amounts of zinc 

encasement around the wires and the fracture surfaces. To expose the fracture surfaces of wires 

for analysis, the zinc was removed via dissolution in hydrochloric acid. The right image in 

Figure 7.2.1.3-3 shows the same section of zinc after exposure, revealing the encased wires and 

their associated fracture surface. Additional sectioning of casting was subsequently performed to 

examine features and create test coupons for mechanical properties testing. 
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Figure 7.2.1.3-3 (Appendix A Figure 32). Section of Zinc with Encased Wires before (left) and after 

(right) Removal of Zinc via Dissolution in Acid 

7.2.2 Zinc Casting 

7.2.2.1 Socket Housing to Zinc Casting Interface 

After longitudinal sectioning of the socket, the internal cross section of the zinc casting was 

examined (see Figure 7.2.2.1-1). A gap was observed at both the casting cap and socket base 

sides of the zinc casting between the zinc casting outer diameter and the socket cone inner 

diameter. The gap was tight near the socket base but not as large as the gap at the casting cap 

(Figures 7.2.2.1-2 and 7.2.2.1-3). 

The larger gap at the casting cap was due to open shrinkage of the zinc casting during 

solidification. The mastic coating on the surface of the casting cap was found to not fully seal 

this gap. The gap was a path for moisture intrusion and environmental degradation of the zinc 

casting and was adjacent to the steel socket wall, which likely accelerated degradation via 

galvanic corrosion. The tight gap near the socket base was mostly devoid of corrosion product 

(i.e., it likely only opened after the socket failure). The amount of corrosion observed due to the 

galvanic corrosion process was also useful in assessing the amount of corrosion expected to have 

evolved elsewhere in the socket following the ultimate failure. 
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Figure 7.2.2.1-1 (Appendix A Figure 1). 3 o’clock Half of Socket Cavity  

Socket base is aligned with bottom of image. 

 

 
Figure 7.2.2.1-2 (Appendix A Figure 53). Gap between Socket Wall Inner Diameter and Zinc 

Casting Outer Diameter nearest Socket Base 
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Figure 7.2.2.1-3 (Appendix A Figure 54). Gap between Socket Wall Inner Diameter and Zinc 

Casting Outer Diameter at Casting Cap 

7.2.2.2 Voids 

Gas bubbles were found adjacent to the casting cap, one of which is shown in Figure 7.2.2.2-1). 

These gas bubbles are positioned dimensionally within the socket where the zinc casting 

completed its solidification. 
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Figure 7.2.2.2-1 (Appendix A Figure 57). Close-up View of a Single Gas Bubble in Zinc Casting 

with Corrosion Product Buildup on Walls 

Gases may exist in liquid zinc during casting due to dissolution, entrapped air during filling, or 

reactions with the mold wall, dross, and/or slag. Because liquid zinc has a greater solubility for 

gases than solid zinc, the gases concentrate in the remaining liquid zinc during solidification. 

When the casting exterior solidifies before the interior, the remaining gases become trapped, and 

their concentration eventually exceeds the solubility limit of the remaining liquid zinc as it 

solidifies further. At that point, the gases come out of the liquid solution but are unable to pass 

through the encompassing solid zinc. As a result, they become entombed at the boundary 

between the surrounding converging solidification fronts. This scenario is confirmed by 

examining the macro-etch of the surrounding zinc (see Figure 7.2.2.2-2), which shows grain 

orientation around the gas bubble and how it grows during solidification. 
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Figure 7.2.2.2-2 (Appendix A Figure 283). Etch of Longitudinal Cut Face and Zinc Grains below 

Casting Cap 

Observed gas bubbles were surrounded by zinc and filled with corrosion product, most likely 

zinc oxide. The first gas bubble had a path to the brittle fracture region below it. The second gas 

bubble had cracks on the casting cap side of the gas bubble, where corrosion was more heavily 

present; these cracks were the likely pathway for moisture to ingress the bubble cavity and 

corrode the zinc walls. The casting cap was covered in a mastic coating, but this coating had 

cracks in it and may not have been present for the entire life of the socket (see  

Figure 7.2.2.2-3). 

Smaller-sized pores were also seen in the zinc. These were probably air that was entrapped 

during filling, dislodged too late during solidification, and trapped locally, separate from the 

larger gas bubbles. 
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Figure 7.2.2.2-3 (Appendix A Figure 2). Oblique View of Casting Cap Immediately above Second 

Gas Bubble  

 

 

7.2.3 Wires 

7.2.3.1 Wire Mapping 

Wires were traced and labeled to indicate whether they had fractured, whether they had slipped 

from the socket, and their location of termination (see Table 7.2.3.1-1 and Figure 7.2.3.1-1). 

Of the 126 cable wires, 56 fractured within the socket, and 70 did not fracture, instead pulling 

free of the socket joint (i.e., the zinc failed before the wire). The cable section that pulled free 

from the socket joint had 94 wires still encased together in zinc from the socket cavity, referred 

to as the cable/zinc slug. 

Examination of the wires from the failed cable showed that of the 94 wires in the cable/zinc slug, 

26 were fractured wires that mated to the fractured wires in the socket and 68 were intact wires 

that did not fracture. Of the 32 remaining cable wires not accounted for in the cable/zinc slug,  

30 wires were fractured and mated to the fractured wires in the socket and 2 were intact wires 

that did not fracture; all 32 were outer ring wires. In other words, 0 to 2 intact wires pulled free 

of the socket individually, and the other 30 to 32 outer ring wires came free of the cable/zinc slug 

due to insufficient surrounding zinc and/or from the forces after core pullout and subsequent 

impact. 

F-7. Gas bubbles located above wire ends were trapped during the solidification process. 

F-8. Smaller-sized porosity inherent to the casting process was found intermittently 

throughout the bulk zinc. 
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Table 7.2.3.1-1. Identification of Fractured and Intact Wires 

 
 

 
Figure 7.2.3.1-1. Representation of Cable Wire Map at Socket Base (varies with distance from end) 
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7.2.3.2 Wire Surface Examination 

Five of the fractured wires had surface defects. Four defects appeared to be from a machine or 

tool (wires G, AN, AO, AR), and one was a scribe-like defect (wire BA) (see Figures 7.2.3.2-1 

through 7.2.3.2-4). 

 
Figure 7.2.3.2-1. Stereomicroscope Images of Similar Surface Defects found on  

Wires G, AN, and AO 

F-9. Fifty-six of 126 wires fractured in the socket. 

F-10. Seventy of the 126 wires did not fracture; the zinc failed before the remaining wires 

failed. 
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Figure 7.2.3.2-2. Stereomicroscope Images of Surface Defect found on Wire AR (nick visible in top 

row left image was likely from sectioning) 

 

 
Figure 7.2.3.2-3. Stereomicroscope Images of Surface Defect found on Wire BA 
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Figure 7.2.3.2-4. SEM Images of Surface Defect found on Wire BA 

Two of these defects (wires BA and AN) appeared to be influential in the wire fracture, 

including the scribe-like groove, where multiple cracks developed along the length of the wire 

within the defect (Figure 7.2.3.2-3 and 7.2.3.2.4). One of the defects was not influential in the 

fracture surface (wire AR). The machining or tooling defect appears to have had little 

detrimental effect on the strength of the wires, whereas the scribe-like groove was significant 

based on the subsequent determination that it was an initiation point for probable HAC. 

 

Figure 7.2.3.2-5 shows a rearrangement of the pieces from slices 3g and 9g into their 

approximate as-built configuration following the acid-bath zinc removal process, with wire label 

overlays that correspond to the identified fracture morphology. Forty-four of the 56 wire fracture 

morphologies were cup-cone fractures, nine were shear, and the remaining three were mixed-

mode fractures, which included a progressive failure mechanism believed to be HAC (one cup-

cone/HAC and two shear/HAC).  

F-11. Wire surface defects were found on five fractured wires. Defects on two wires likely 

influenced the fracture, one of which was an initiation site for probable HAC. 
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Figure 7.2.3.2-5. Reconstruction of Wire Locations following Zinc Removal with Identified 

Fracture Morphology 

7.2.3.2.1 Cup-cone Fracture 

The expected fracture mode for the wires is cup-cone fracture, where the wires fail in uniaxial 

tension due to ductile failure. The fracture mechanics of cup-cone fracture begin with yielding of 

the material, commonly referred to as necking. Eventually, microvoids begin to occur within the 

wire. Those microvoids coalesce within the central cross section of the wire, creating a fibrous 

fracture surface. Finally, once sufficient cross section has failed and the maximum shear stress is 

met, the remaining donut-shaped cross section fails in shear, creating a cup-like fracture surface 

on one side of the fracture and a cone-like fracture surface on the mating side of the fracture. 

7.2.3.2.2 Shear Failure 

Most of the shear failures appear to be from outer ring wires. Shear failure occurs when stress 

triaxialities are not in balance, which is more likely to occur around the socket perimeter where 

there is less zinc on the outer wire perimeter to provide equal compressive stress compared with 

the zinc on the inside wire perimeter. 

7.2.3.2.3 Wire Fracture Categorizing 

Wire fracture surfaces were extracted and examined by stereomicroscopy and categorized (i.e., 

cup-cone, shear, other). A range of fracture types were selected for further analysis using SEM, 

including cup-cone fracture (e.g., significant versus minimal necking, flat versus rough fibrous 

region), shear, and other fracture surface types. 
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7.2.3.2.4 Fatigue  

Fatigue cracking may not always exhibit beach marks or striations. Fatigue may be present 

without either of these classic signs of fatigue. However, fatigue in pearlitic steel wires is well 

characterized, including when beach marks and striations are not identifiable. 

The left side of Figure 7.2.3.2-6 shows a fatigue crack that initiated on a heavily drawn steel wire 

surface, and the right side shows a fatigue crack that initiated internal to the heavily drawn steel 

wire. For the surface-initiated crack, secondary cracks become deeper with an increasing fatigue 

crack length because stresses increase with crack length. This is seen in Figure 7.2.3.2-7, where 

the fatigue crack initiated at the arrow and grew to the dotted line, at which point the fracture 

mode shifted to microvoid coalescence (MVC). Figure 7.2.3.2-8 shows the wavy shape of these 

secondary cracks observed on the fracture plane. Figure 7.2.3.2-9 shows a close-up image of an 

internally initiated fatigue crack, which has a distinct facet region around an inclusion from 

which the crack initiates. This facet region of the fatigue crack is characterized as a rough area, 

which includes the primary fracture plane perpendicular to the wire axis, with additional planes 

having different angles with respect to the wire axis. Outside the facet area, the fatigue crack 

grows by the same means as shown in Figures 7.2.3.2-7 and 7.2.3.2-8 [ref. 9]. The example 

fatigue cracks shown in Figures 7.2.3.2-6 through 7.2.3.2-9 do not represent any of the wire 

fracture surfaces examined by stereomicroscopy and SEM in the Aux M4N socket. 

Figure 7.2.3.2-10 represents tensile overloads over a range of progressively cold-drawn pearlitic 

steel wire specimens [ref. 10]. Figures 7.2.3.2-11 through 7.2.3.2-14 show a range of tensile 

overloads from the cold-drawn pearlitic steel wires from the Aux M4N socket. The fractures in 

these images fit well within the range of tensile overload fractures shown in Figure 7.2.3.2-10. 

Additionally, in Figure 7.2.3.2-15, an Aux M4N socket tensile overload wire failure can be seen 

with a defect in the center. Even around the defect in the center, the fracture surface does not 

exhibit the material characteristics of fatigue fracture. None of the fractures exhibit the material 

fatigue fracture characteristics for cold-drawn pearlitic steel wires shown in Figures 7.2.3.2-6 

through 7.2.3.2-9, which show a flat fracture surface with progressively larger and farther-spaced 

secondary cracks opening perpendicular to the primary flat fracture surface. No material failure 

evidence was identified that would be attributed to fatigue fracture of the Aux M4N wires, other 

than the potential for the HAC fractures to have progressed from cyclic loading. 
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Figure 7.2.3.2-6. Fatigue Cracking in Heavily Drawn Steel Wires [ref. 9] 

 

 
Figure 7.2.3.2-7. Closer Image of Surface-initiated Fatigue Crack in Heavily Drawn Steel Wire  

[ref. 9] 
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Figure 7.2.3.2-8. Fatigue Fracture Surface with Secondary Cracks  

((A) looking down on fracture plane; (B) profile view of fracture plane) [ref. 9] 

 

 
Figure 7.2.3.2-9. Closer Image of Internally Initiated Fatigue Crack, showing Facet Area [ref. 9] 
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Figure 7.2.3.2-10. Images of Gradually More Progressively Cold-drawn Pearlitic Steel Wire 

Specimens Failed by Tensile Overload [ref. 10] 
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Figure 7.2.3.2-11. Images of Aux M4N Socket Wire AS 
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Figure 7.2.3.2-12. Images of Aux M4N Socket Wire U 
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Figure 7.2.3.2-13. Images of Aux M4N Socket Wire Z 
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Figure 7.2.3.2-14. Images of Aux M4N Socket Wire EH 
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Figure 7.2.3.2-15. Images of Aux M4N Socket Wire S 

Figure 7.2.3.2-16 shows a rearrangement of the pieces from slices 3g and 9g into their 

approximate as-built configuration following the acid-bath zinc removal process, with wire label 

overlays that correspond to the identified fracture morphology and the percent of necking 

evident. Examination of the necking evident in the fractured wires showed that the outer ring 

wires generally had the smallest amount of necking and the inner ring wires had the largest 

amount. This indicates that either the outer wires had less desirable mechanical properties than 

the inner wires or that there were anisotropy, temperature, or strain rate variations between the 

inner and outer wires. Mechanical testing of the wires did not uncover any anomalies in wire 

strength, and patterns of anisotropy and significant variations in temperature between the inner 

and outer wires were unlikely. Therefore, the inner wires most likely experienced a lower strain 

rate than the outer wires due to the outer wires being more highly stressed and failing first. 

Subsequently, stresses on the inner wires increased as the outer wires failed. 
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Figure 7.2.3.2-16. Reconstruction of Wire Locations following Zinc Removal with Identified 
Fracture Morphology (outline color of overlay) and Percent Necking (fill color of overlay)  

 

 

 

7.2.3.3 Wire Movement within Zinc Casting 

Wire ends near the casting cap, exposed on sectioning, have wire channels of varying lengths 

near the back of the casting. Wires exposed toward the exterior of the zinc casting exhibited less 

displacement than wires near the brittle fracture region, showing that some amount of 

displacement of the wires through the zinc occurred after the casting had solidified (see 

Figures 7.2.3.3-1 and 7.2.3.3-2 compared with Figures 7.2.3.3-3 and 7.2.3.3-4). 

F-12. Forty-four of the 56 wire fracture morphologies were cup-cone fractures, nine were 

shear fractures primarily from the outer ring, and the remaining three were mixed-

mode fractures, which included a progressive failure mechanism believed to be HAC 

(one cup-cone/HAC and two shear/HAC). 

F-13. Outer ring wires typically had less necking than inner ring wires and are expected to 

have failed first. 

F-14. Excluding the HAC fractures, none of the wires examined by microscopy and SEM 

exhibited fatigue fracture. 
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Figure 7.2.3.3-1 (Appendix A Figure 58). Measurement of Wire-end Displacement of Wire BC 

within Zinc Casting (image was taken from 3 o’clock half) 

 

 
Figure 7.2.3.3-2 (Appendix A Figure 71). Slice 3a was Sectioned Longitudinally, Revealing Second 

Gas Bubble below Casting Cap 

Additionally, the wires close to the brittle fracture region were displaced wholly or in part due to 

the formation of the brittle fracture feature. The variation in the amount of wire displacement 

suggests that wires with more displacement fractured later in the joint failure progression. 

Figure 7.2.3.3-3 shows an example of embedded wires in a lower piece of the socket cavity with 

little or no gap between the top of the wire and the surrounding zinc. Wire AB is shown to have 

moved at least 1 inch down its original wire channel toward the socket base at some time after 

zinc solidification. 
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Figure 7.2.3.3-3 (Appendix A Figure 89). Wire Embedment in Zinc Casting 

Figure 7.2.3.3-4 shows an example wire channel with more corrosion product on the surface in 

the back of the socket cavity. 

 
Figure 7.2.3.3-4 (Appendix A Figure 102). Relatively Large Volumes of Corrosion Visible in Wire 

Channels above Wires 

Sectioning of the socket revealed differences in wire channel lengths associated with wire 

position in the socket, where inner wires showed longer channels than outer wires due to 
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differing rates of socket extrusion or the occurrence of brittle fracture tearing or wire-zinc bond 

failure. It is unclear exactly what contributed to the final form of the wire channel lengths and 

cleavage cavity size; however, this evidence supports the outer wires failing first and transferring 

load radially inward before subsequent wire failure and, finally, core pullout. 

The back of the socket cavity opening has two distinct regions. One region is the wire imprint 

region. This region is flat and parallel with the socket base, with wire-end imprints containing 

both heavy amounts of zinc oxide and trace amounts of iron oxide (see Figures 7.2.3.3-5 and 

7.2.3.3-6). The flat surface and heavy corrosion suggest a poor bond between the zinc and wire 

ends and indicate a casting defect. This region does not exhibit the same faceted appearance as 

the neighboring brittle fracture region from slice 3a. 

 
Figure 7.2.3.3-5 (Appendix A Figure 69). Closer View of Back of Socket Cavity on Slice 9a (view 1) 

 

 
Figure 7.2.3.3-6 (Appendix A Figure 70). Closer View of Back of Socket Cavity on Slice 9a (view 2) 
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The other distinct region is a faceted surface exhibiting brittle fracture, characteristic of cleavage 

fracture. The brittle fracture region forms a cone shape that comes to a point just behind one of 

the large gas bubbles shown in Figures 7.2.3.3-7 and 7.2.3.3-8. The fracture surface extends from 

wire channels in the cable-end section outer diameter (that pulled free of the socket) to just 

below the gas bubble. 

 
Figure 7.2.3.3-7 (Appendix A Figure 65). View of Casting Cap Side of Brittle Fracture Region in 

Back of Socket Cavity on Slice 3a (view 1) 

 

 
Figure 7.2.3.3-8 (Appendix A Figure 66). View of Casting Cap Side of Brittle Fracture Region in 

Back of Socket Cavity on Slice 3a (view 2)  
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The largest amounts of corrosion were seen along the wire channels. The adjacent brittle fracture 

region’s faceted surface exposes the elongated portion of the zinc grains. Along the faceted 

surface, most of the corrosion buildup was on ridges and protrusions; the flat surfaces exhibited a 

dull gray appearance, having only a relatively light amount of corrosion (see Figure 7.2.3.3-9). 

 
Figure 7.2.3.3-9 (Appendix A Figure 104). Image of Faceted Surface within Socket Cavity 

Additionally, the ends of many elongated grains appear lifted from the surrounding surface (see 

Figure 7.2.3.3-10). Note that significant swarf from the fracture analysis (FA) cutting process is 

visible along edges and protrusions within the image. 

 
Figure 7.2.3.3-10 (Appendix A Figure 68). View of Casting Cap Side of Brittle Fracture Region in 

Back of Socket Cavity on Slice 3a 

Cracks from the faceted structure are seen on the abrasive saw cut surface that extends from the 

tops of the wire channels (the zinc inner diameter) to an embedded wire end near the zinc outer 
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diameter (see Figure 7.2.3.3-11). The crack extends past the wire on a different transverse plane 

toward the outer diameter of the zinc casting. The crack seen in Figure 7.2.3.3-11 physically 

connects with the crack that extends around the cable-end section interface between the faceted 

surface and the tops of the wire channels. 

 
Figure 7.2.3.3-11 (Appendix A Figures 85, 86). Surface of Additional Longitudinal Cut made on 

Slice 3a 

 

 

7.2.4 Metallography 

Metallographic samples were taken from the several regions in the zinc casting. The macro-

etchant revealed an elongated grain structure with significant variation in grain size and length 

(see Figure 7.2.2.2-2). 

Smaller, fine elongated grains solidified outward from the individual wire diameters. Larger, 

long elongated grains solidified inward from the socket wall. The thickest and longest grains 

solidified inward from the socket cone wall and grew at an angle upward toward the casting cap. 

A thin layer of elongated grains solidified downward from the casting cap. Grain size and 

orientation indicate that the socket housing and cable bundle were significant heat sinks during 

solidification, resulting in a large dissipation through the socket base volume. Longer and larger 

grains emanating from the socket wall near the casting cap grew for the longest time. 

Gas bubble locations signify the last molten volumes of zinc. The casting generally solidified 

from the bottom up and the outside in with some significant grain growth outward from the cable 

bundle, but less growth from outer individual wires toward the back of the socket. Next, a thin 

layer of zinc solidified across the top of the molten pour, solidifying from the top down to a 

boundary that meets the rest of the solidified zinc and intersects the large gas bubbles. 

F-15. Wire imprint region of the zinc in the back of the socket cavity is heavily corroded 

and poorly bonded to the wire ends. 

F-16. The brittle fracture region of the zinc in the back of the socket cavity is corroded, 

with faceted surfaces that expose the elongated portion of the grains (i.e., cleavage 

fracture), and the ends of the grains have lifted up (i.e., a peeling failure). 
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Figure 7.2.4-1 shows that the zinc grain structure adjacent to the cable/zinc slug, which pulled 

free of the socket near the socket base, is very fine. Intermittent cracks are visible, running 

parallel with the cable/zinc slug boundary plane (50 times magnification). Grain orientation in 

the socket, adjacent to the cable-end section that pulled free of the joint, approaches parallel to 

the cable-end section (Figures 7.2.4-2 and 7.2.4-3). 

However, the orientation changes to approximately perpendicular to the cable-end moving away 

from the cable-end section interface to the inner cone wall of the socket. Measurements were 

taken from the plane adjacent to the cable-end section that pulled free of the socket to the 

approximate location where the grain orientation is elongated (Figure 7.2.4-4). 

 
Figure 7.2.4-1 (Appendix A Figure 79). Zinc Grain Structure Adjacent to Cable/Zinc Slug 
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Figure 7.2.4-2 (Appendix A Figure 74). Directional Changes in Elongated Grain Direction from 

Grains analyzed in Slice 3c (from Appendix A Figure 288) 

 
Figure 7.2.4-3 (Appendix A Figure 75). Directional Changes in Elongated Grain Direction from 

Grains Analyzed in Slice 9g (from Appendix A Figure 293) 
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Figure 7.2.4-4 (Appendix A Figure 78). Measurements taken on Appendix A Figure 295 from Plane 

Adjacent to Cable/Zinc Slug 

The metallographic specimen in Figure 7.2.4-4 was microetched with Klemm’s 1 Reagent tint 

etchant to reveal the metallurgical structure within the grains. Figures 7.2.4-5 and 7.2.4-6 show 

some of the grain structure features in the larger grains near the zinc casting outer diameter. This 

tint etch reveals internal grain features associated with deformation mechanisms (e.g., slip planes 

and twin boundaries) that would be expected in highly stressed zinc. Additionally, 

recrystallization is evident, where new grains are crystallizing within the original grains. While 

this makes identifying the original grain boundaries difficult, it appears that the individual 

deformation mechanisms are confined to their original grains and not traversing their original 

grain boundaries. 

Very little research was identified regarding cyclically loading commercially pure polycrystalline 

zinc. One study noted that the main difference between unidirectional compression and cyclic 

compression-compression loadings in commercially pure polycrystalline zinc is that twin 

boundary cracks are not contained within their grain boundaries in compression-compression 

fatigue tests [ref. 11]. Without evidence of the deformation mechanisms traversing grain 

boundaries, it difficult to discern the contribution of any additional cyclic loading damage from 

the accumulated sustained loading damage within the zinc. 
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Figure 7.2.4-5 (Appendix A Figure 80). Metallograph Image of Tint Etch of Large Grains Near 

Socket Base and Zinc Casting Outer Diameter 
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Figure 7.2.4-6 (Appendix A Figure 81). Metallograph Image of Tint Etch of Large Grains Present 

Near Socket Base and Zinc Casting Outer Diameter 

Figure 7.2.4-7 is a tint etch revealing the microstructure near the cable/zinc slug boundary, which 

shows that the grains have fully recrystallized. The recrystallized grain boundaries are generally 

aligned 45° to the stress axis, which runs parallel to the cable/zinc slug boundary. This result 

appears consistent with histograms of uncavitated high-purity zinc grain boundaries with respect 

to stress axes for specimens fractured in slow tension at low temperatures. Singh et al. showed 

that the frequency of a 45° angle between the grain boundary and the stress axis for high-purity 

zinc is ~30% at 73 degrees Fahrenheit (°F) and peaks at 40% at 153 °F for constant engineering 

strain-rate tensile tests [ref. 12]. 
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Figure 7.2.4-7 (Appendix A Figure 82). Metallograph Image of Tint Etch of Small Grains Present 

Near Socket Base and Cable/Zinc Slug Boundary 

Creep phenomenon in stressed polycrystalline metals is generally classified as a high-

temperature process, defined as ~40% of the homologous temperature (i.e., the ratio of the 

metal’s temperature to its melting point, measured on an absolute temperature scale (i.e., Kelvin 

or Rankine)). Thus, creep becomes a critical design parameter for different metals at different 

temperatures. Commercially pure zinc has a melting point of 788 °F, ~42% of its melting point at 

room temperature, which is within the expected range for activating creep deformation 

mechanisms. Therefore, the time-dependent creep properties of zinc are a critical design 

parameter in a sustained load structure. 

Creep deformation is a time-dependent failure mechanism, dependent on temperature and load. 

Over that time, creep deformation is divided into three stages: primary, secondary, and tertiary. 

In the primary stage, strain rate decreases with time and strain, which is due to strain hardening 

within the material. The secondary stage is characterized by the strain rate being relatively 

constant due to a balance of work hardening and annealing. This stage is typically the longest in 

duration, and no material strength is lost in this or the primary stage. In the tertiary stage, the 

strain rate increases exponentially, which is associated with internal cracking or cavitation and 

decreases the effective material area. This process eventually leads to failure, termed creep 

rupture. At low temperatures and a high speed of deformation, creep rupture tends to be 
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transgranular; at high temperatures and low speeds of deformation, creep rupture tends to be 

intergranular. 

Small, non-connected cracks are present within the fully recrystallized grain region near the 

cable/zinc boundary (see Figures 7.2.4-1 and 7.2.4-8), running parallel with the cable-end 

section. These cracks are either from the tertiary stage or cavitation/voids that were squeezed 

closed due to continued confining pressure imposed by the cable tension and socket wall.  

Figure 7.2.4.8 shows the same high-magnification image of non-connected cracks in different 

illuminations after tint etching to see the microstructure within the grains. The cracks appear 

predominantly intergranular and, where not fully connected, form a continuous crack from 

adjacent voids spreading along grain boundaries. As stated earlier, intergranular creep rupture 

tends to be associated with high temperatures and low speeds of deformation. 

 
Figure 7.2.4-8 (Appendix A Figure 83). Cracks Present in Appendix A Figure 295 Adjacent to 

Cable/Zinc Slug Boundary 

Creep deformation mechanism maps provide a way to assess the dominant deformation 

mechanisms at play for varying temperatures, shear stress, strain rate, and grain sizes. Because 

the Aux M4N primarily carries dead loads at ambient temperature, a Mohamed-Langdon map 

[ref. 13] could be a useful aid in understanding how variations in casting grain size and shear 

stresses relate to strain rate. A Mohamed-Langdon map holds the stress and temperature constant 

and maps the creep deformation mechanisms against grain size and shear stress. The data to use 

this technique were not available during this investigation but may be useful for future study. 
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7.2.4.1 Transgranular Bulk Cracking 

Cracks were found through the bulk of the zinc. Initially, on the first longitudinal cut through the 

zinc casting, a crack was observed between the outer and inner diameters of the zinc casting (see 

Figures 7.2.4.1-1 and 7.2.4.1-2). Figure 7.2.4.1-1 shows the 12 o’clock position in the 9 o’clock 

half. Corrosion product, most likely zinc oxide, filled the cracks. Figure 7.2.4.1-2 shows the 

12 o’clock position in the 3 o’clock half. 

F-17. Zinc casting was composed of elongated grains, with significant variation in both 

grain size and length. 

F-18. Metallography shows no evidence of fatigue cracking within the zinc, but minor 

additional contributions of cyclic loading damage may not be discernable from the 

overall contributions of sustained loading damage, as both would manifest 

themselves in deformation mechanisms (e.g., twinning and slip bands) present within 

the zinc. 

F-19. The zinc nearest the socket base, adjacent to the cable/zinc boundary, was determined 

to be in the late secondary or tertiary stage of creep. 

• Zinc creep becomes a design consideration when its homologous temperature 

exceeds 40%, which is the case for zinc at room temperature. 

• Grains near the cable/zinc boundary are fully recrystallized and have grain 

boundaries that are generally oriented 45° to the stress direction. 

• Cracks appear predominantly intergranular, which is typically associated with 

creep rupture at high temperatures and low speeds of deformation. 
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Figure 7.2.4.1-1 (Appendix A Figure 55). Close-up View of Crack Present in Zinc Casting at  

12 o’clock (9 o’clock half) 

 

 

Figure 7.2.4.1-2 (Appendix A Figure 56). Close-up View of Crack Present in Zinc Casting at 12 
o’clock (3 o’clock half) 

Additional cracks were identified throughout the bulk zinc sectioned from approximately mid-

depth into the socket (see Figures 7.2.4.1-3 through 7.2.4.1-6). These cracks did not follow grain 

boundaries and were not aligned in any particular orientation. The cracks varied in thickness, at 

times appearing to be connecting larger, irregularly shaped porosity or widening due to local 

grain structure or additional corrosion. The only noticeable orientation to the cracks was that 
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these cracks ran along or adjacent to wire surfaces. Although these cracks and the surrounding 

zinc were not examined in close detail, it is believed that because the cracks were completely 

filled with zinc oxide the cracks were present before the ultimate socket failure; however, using 

corrosion as a timeline indicator carries uncertainty due to the many factors and localized 

conditions that affect corrosion rates. 

 
Figure 7.2.4.1-3 (Appendix A Figure 84). Cracks and Voids Found during Metallography of Slice 3c 

 

 
Figure 7.2.4.1-4 (Appendix A Figure 287). Metallographic Specimens of 6 o’clock Side of 

Longitudinal Cut Face of Slice 3c 

 



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  69 of 635 

 
Figure 7.2.4.1-5 (Appendix A Figure 288). Metallographic Specimens of 6 o’clock Side of 

Longitudinal Cut Face of Slice 3c 

 

 
Figure 7.2.4.1-6 (Appendix A Figure 289). Metallographic Specimen of 12 o’clock Side of 

Longitudinal Cut Face of Slice 3c 



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  70 of 635 

7.2.5 Corrosion 

Chemical analysis revealed extensive amounts of zinc oxide wherever white corrosion product 

was encountered, and trace amounts of iron, likely iron oxide, wherever orange corrosion 

product was identified. The largest area of corrosion was found between the socket inner 

diameter wall and the zinc casting outer diameter (see Figures 7.2.5-1 through 7.2.5-3). 

 
Figure 7.2.5-1 (Appendix A Figure 96). 3 o’clock Side of Inner Diameter Socket Wall, showing 

Surface behind Outer Diameter of Zinc Casting 
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Figure 7.2.5-2 (Appendix A Figure 97). 9 o’clock Side of Inner Diameter Socket Wall, showing 

Surface behind Outer Diameter of Zinc Casting 

 

 
Figure 7.2.5-3 (Appendix A Figure 98). Outer Diameter of 3 o’clock Side of Zinc Casting of Slices 

3a, 3c, and 3e  
Inset shows outer diameter from piece of zinc casting removed from 9g between 9 and  

10 o’clock. 
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The region between the socket inner diameter and the zinc casting outer diameter was 

characterized as having among the thickest areas of corrosion, but the corrosion was largely 

limited to the upper two-thirds of the socket wall, closest to the casting cap. Shrinkage along the 

outer edge of the casting cap from the casting solidification (see Figure 7.2.2.1-3 shown 

previously) created a gap between the zinc casting outer diameter and socket inner diameter that 

likely provided a pathway for moisture and/or water. 

The bottom third nearest the socket base was noticeably devoid of most corrosion product, which 

likely occurred after the cable failure. All the wire fractures within the zinc casting were located 

within this bottom third, corresponding to slices 3g and 9g.  

The zinc-oxide corrosion product in the lower one-third evolved through the galvanic corrosion 

process between the zinc and the socket cone wall, which can qualitatively be compared against 

other socket areas exposed to the environment post failure. The galvanic corrosion process 

between the steel and zinc is expected to evolve oxides faster than oxide evolution elsewhere 

(e.g., within zinc cracks). The electrical potential between different metals in the galvanic 

corrosion process drives the evolution of hydrogen and oxides.  

 

Eight wires were found to have protruded from the zinc casting to the socket wall during 

fabrication, located on the outer diameter of the casting in the upper third closest to the casting 

cap. Figure 7.2.5-4 shows the eight wire holes left by wires that were displaced from their 

original positions toward the socket base but remained embedded in the zinc casting, failing 

within the socket. Figure 7.2.5-5 shows heavy corrosion around one of the wire holes that 

breached the zinc casting outer diameter. The spot in the center of the hole is ambient light 

coming from the center of the socket cavity. 

 
Figure 7.2.5-4 (Appendix A Figure 99). Wire Holes in Zinc Casting 

 

F-20. Significant corrosion was found in the upper two-thirds region between the socket 

housing and the zinc casting outer diameter, while negligible corrosion was found in 

the lower third. 
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Figure 7.2.5-5 (Appendix A Figure 100). Corrosion around Wire Hole 

These holes were potential pathways for moisture ingress into the socket cavity. Around and 

within the holes, white and orange corrosion product, most likely zinc oxide and iron oxide, are 

present in relatively large amounts. Several of these holes were confirmed to provide pathways 

from the zinc casting outer to inner diameter. Cracks were identified along the boundary between 

the brittle fracture region and at the ends of the wire channels within the socket cavity (see 

Figure 7.2.3.3-11). These cracks extended out toward the zinc casting outer diameter. This 

appears to be the most probable pathway for moisture intrusion within the socket cavity, and the 

conduit between the socket wall and the zinc casting and the exposed eight wire holes were 

likely present for the majority of the socket’s life since those features were present at the time of 

solidification. 

The largest volumes of corrosion within the socket cavity appear on the wire imprint region at 

the back of the socket cavity and along the adjacent wire channels in the upper one-third of the 

casting (see Figures 7.2.5-6 and 7.2.5-7). This region does not exhibit the same faceted 

appearance as the neighboring brittle fracture region from slice 3a. Wire-end imprints and heavy 

amounts of probable zinc and iron oxide are seen in this area, most likely due to the galvanic 

corrosion cell created between the wires and the surrounding zinc in the presence of moisture. 
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Figure 7.2.5-6 (Appendix A Figures 69 and 70). Closer View of Back of Socket Cavity on Slice 9a 

 

 
Figure 7.2.5-7 (Appendix A Figure 101). Extensive and Relatively Thick Corrosion on Zinc Casting 

Wire Channels 

Corrosion above the wire ends still embedded within the zinc is heaviest above the wire's final 

resting location and extends the full wire channel length above the wire end (see Figures 7.2.5-8 

and 7.2.5-9). Significant corrosion is also present along the wire surface in the 3a or 9a slice that 

is less than the amount above the wire. The pattern of corrosion on the wire surface maps well to 

the pattern of corrosion on the wire channel in the zinc. 
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Figure 7.2.5-8 (Appendix A Figure 102). Relatively Large Volumes of Corrosion Visible in Wire 

Channels above Wires (wire channel for Wire AN is pointed to here) 

 

 
Figure 7.2.5-9 (Appendix A Figure 103). Embedded Wire (wire AN) removed from Wire Channel 

While corrosion quantities vary based on localized conditions and there is uncertainty in using 

this approach as a time-based indicator, examination of corrosion quantities throughout the 

socket still inform an event timeline: 

• Corrosion between the housing and zinc in the lower third is an indicator of how much zinc 

oxide evolved following socket failure. Figure 7.2.5-9 shows that the amount of corrosion in 

the back of the socket cavity, both on the surface and the wire channel of wire AN, was much 
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thicker. Three observations noted are (1) the heavy amount of corrosion on the wire channel 

surface all the way to near the top of the wire channel suggests that corrosion was occurring 

when the wire was near its original as-cast position, which would also suggest that very little 

movement of the wire occurred during proof testing; (2) the heavy amount of corrosion along 

the wire channel surface between the top of the wire channel and where the wire finally came 

to rest suggests that wire movement along this distance was slow enough for significant 

corrosion to build up along this full length; and (3) the significant buildup of corrosion on 

wire AN’s surface, matching the pattern and location of corrosion on the wire channel, 

suggests that wire AN had either failed some time prior to socket failure or moved very little 

prior to socket failure. 

• The surface of the brittle fracture region (Figure 7.2.3.3-9) showed minimal corrosion over 

the flat surfaces but exhibited an intermediate amount of corrosion on the ridges and 

protrusions. Corrosion in this region was away from steel wires and not due to galvanic 

corrosion. It is difficult to determine moisture exposure and corrosion time because there is 

no clear region with similar environmental conditions with a known time of exposure to that 

environment. The second large gas bubble is another potential time indicator, but there is also 

uncertainty in the exposure time. Wire AB (see Figure 7.2.3.3-3) shows significant wire 

displacement from its original position. However, the top of the wire shows little gap 

between its wire end and the top of its wire channel, part of the lower surface in the brittle 

fracture region. This comparison suggests that the brittle fracture region was open, or 

opening up, at the same time that wire AN and neighboring wires were displaced from their 

original positions. 

Assessment of corrosion along wire surfaces showed disparities in the condition of the wire-zinc 

bond among the various wires. Wires AE and N (Figures 7.2.5-10 and 7.2.5-11) exhibited white 

corrosion product, most probably zinc oxide, along their lengths embedded within their socket 

base slices (3g and 9g). 
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Figure 7.2.5-10 (Appendix A Figure 105). Wire AE, Mechanically Removed, showed Similar 

Quantity of Corrosion along Length of Wire embedded in Slice 3g, as seen on Wire AN in Figure 
7.2.5-9 

 

 
Figure 7.2.5-11 (Appendix A Figure 172). Hydrochloric Acid Wire Fracture Reveal on Slice 9g 
Note that the 9-10 o’clock piece was not acid etched, and the one wire within that piece, wire N, was 

mechanically removed. 
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The quantity of corrosion was similar to that seen on the wire end of wire AN (Figure 7.2.5-9) in 

the back of the socket cavity. However, wires AI and AJ have visibly good adhesion of zinc 

along their wire surfaces embedded in slice 3g (Figure 7.2.5-12). Thus, disparities exist in the 

amount of corrosion along the wire surfaces. Because all of the wires fractured within the socket, 

the comparison suggests that corrosion was a small factor in wire behavior within the zinc. 

 
Figure 7.2.5-12 (Appendix A Figure 106). Wires AI and AJ had Visibly Good Adhesion of Zinc 

along Wire Surfaces that were Embedded in Slice 3g 
Note that the thin layer of zinc on wire AI continues from the wire outer diameter surface onto the shear 

fracture surface. 

The wire corrosion analysis did not evaluate all wires due to the labor-intensive method 

employed in extracting fractured wire ends. Therefore, there are limitations in extrapolating 

findings to all wires. Additional wires could be mechanically extracted to further examine 

corrosion features along the wires. However, there was no evidence suggesting that corrosion 

significantly affected the mechanical behavior at the wire-zinc interface. 

 

 

7.2.6  Summary and Conclusions – Failure Analysis 

NASA and WJE executed a material forensics plan for the Aux M4N socket assembly. The 

socket was visually and nondestructively examined and then dissected for material analysis to 

identify and characterize the material condition and failure mechanics within the socket joint. 

F-21. Moisture intrusion, which led to zinc/wire corrosion, followed a path that included a 

gap between the inner socket wall and the zinc casting, wire protrusions from the 

zinc, cracks in the bulk zinc, and the wire surfaces of individual wires. 

F-22. Evidence shows corrosion generally had a minimal effect on wire-zinc bond strength. 
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The as-received socket was largely unrevealing of any anomalies, meeting specifications and 

requirements for the housing and cable. 

Defects 

Internally, some casting defects were found that included porosity within the zinc, solidification 

gas bubbles near the casting cap surface, poor wire/zinc bonding at the wire ends, and a brittle 

fracture region. Forensic examination of features and additional structural analysis found them to 

be small potential contributors to the Aux M4N failure; promoted moisture intrusion and 

corrosion may have contributed to individual wire pullout in two outer wires at most. 

Corrosion 

Corrosion was found throughout the socket, with the primary pathway for moisture ingress 

through the casting cap/mastic coating and the gap between the socket housing and zinc. The 

steel and zinc created a galvanic couple and an accelerated corrosion environment, resulting in 

formation of zinc oxides and sometimes a break in the galvanic couple, which resulted in small 

amounts of iron oxides. The upper two-thirds region of the socket housing and zinc contained the 

most corrosion. The lower third of the casting, where wire fractures were located, was mostly 

devoid of corrosion product with the minimal amount likely due post-failure exposure. 

The primary pathway for moisture ingress into the zinc was along eight wires that protruded 

from the casting, which exhibited corrosion. The wires and the surrounding zinc created a 

galvanic couple, resulting in oxidation. Moisture likely traveled along the wires and cracks along 

the wire ends. Heavy corrosion from moisture exposure and the galvanic couple was found along 

the wire imprint region and down the upper portions of the adjacent wire channels. The brittle 

fracture region had faceted surfaces that exposed the elongated portion of zinc grains, with the 

ends of the grains lifted up (i.e. a peeling failure). The brittle fracture region was only 

moderately to lightly corroded due to not having adjacent wires nearby to establish the 

accelerated galvanic corrosion and/or because this region may have opened up later in the 

lifespan of the socket. The heavy corrosion along the exposed wire channels in the back of the 

socket was limited to a few inches.  

Additionally, cracks were present throughout the bulk of the zinc casting, linking up with the 

cracks along wires, and were filled with zinc oxide. Some of the fractured wires within the 

socket exhibited zinc oxide corrosion down to the socket base, while other wires that fractured 

within the socket exhibited good zinc adhesion near the socket base. This indicated that, despite 

the amount of corrosion found throughout the socket, corrosion did not significantly affect the 

strength capacity of the wires. 

A considerable body of information was generated during the investigation and documentation of 

the corrosion; the analysis and commentary on the potential role of corrosion in socket failure 

progression is presented in Sections 7.3, 7.5, and 7.6. 

Zinc Creep and Fatigue Mechanisms 

Metallography revealed a zinc casting composed of elongated grains with a large degree of 

variation in grain size and length. This was expected but was a concern, as anisotropy in grain 

size and shape can play a major role in mechanical behavior of a material. Metallography shows 

no evidence of fatigue cracking within the zinc, but minor additional contributions of cyclic 

loading damage would not be expected to be discernable from the overall contributions of 
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sustained loading damage, as both would manifest themselves in deformation mechanisms (e.g., 

twinning and slip bands), which are present within the zinc. 

There were indications that the zinc was in the late secondary stage, or maybe tertiary stage, of 

creep. Recrystallization is evident within the zinc grains. Adjacent to the zinc failure, between 

the socket and cable section, the zinc grains are fully recrystallized and have grain boundaries 

that are generally oriented 45° to the stress direction. This evidence has been documented in 

literature with respect to pure zinc creep at low zinc-creep temperatures. At ambient temperature, 

zinc is above 40% of its homologous temperature, which is a defining point for when material 

creep properties are an important design consideration. Intermittent, non-connected cracks were 

found in this recrystallized region, running parallel with the cable direction. These cracks appear 

predominantly intergranular. Intergranular cracking from creep deformation tends to be 

associated with creep rupture at high temperatures and low speeds of deformation, suggesting 

that the creep failure in the zinc was a slow process. 

Wire Analysis and Failure Progression 

Fifty-six of the 126 wires fractured in the socket, and the other 70 wires did not fracture. 

Although 70 wires did not fracture, no more than two of those wires could have pulled free of the 

socket joint individually due to inadequate zinc/wire bond strength. The zinc failed before these 

70 wires, coming free from the socket attached to most of these wires and the cable-end of the 

failed wires in a cable/zinc slug. Forty-four of the 56 wire fracture morphologies were cup-cone 

fractures; 9 were shear failures, primarily from the outer ring; and the remaining 3 were mixed-

mode fractures, which included a progressive failure mechanism believed to be HAC (one cup-

cone/HAC and two shear/HAC). None of the wires examined by microscopy and SEM had any 

features of fatigue fracture except a few wires with potential HAC fractures influenced by cyclic 

loading. 

Of the 56 wires that failed, 5 were observed to have surface defects running along their lengths. 

Two of those defects likely influenced the fracture, and one was an initiation site for HAC. The 

HAC wire with the defect was also an outer ring wire. The shear and HAC fractured wires 

exhibited little to no necking. The shear failures developed due to the lack of uniform 

compressive stresses around the wire fracture, explaining why many of these are located along 

the outer ring wires where limited zinc on one side may have resulted in a non-uniform 

compressive stress around the wire. The HAC fractures were mixed mode, with the HAC 

exhibiting a brittle failure and thereby reducing the cross-sectional area of the wire for the other 

failure mode. Necking is attributed to ductile failure, where the wire is given enough time to 

yield, as is typically seen in the cup-cone failures. The outer ring wires that failed typically had 

less necking than the failed inner ring wires. 

Examination of the exposed wire channel lengths in the back of the socket showed that the inner 

ring wires displaced more than the outer ring wires. This was due to the progression of failure 

starting with the outer ring wires and moving to more inner ring wires as wires continued to fail, 

and possibly due to the brittle fracture region tearing open. Visual observation of the pulled-out 

cable section and the socket internal cavity showed a skew in the failed core versus the socket 

centerline. This skew reflects the progression of failure as wire loads are redistributed to the 

remaining wires, likely starting with an outer ring wire on one side of the socket and progressing 
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to more adjacent inner ring wires, while at the same time progressing around the perimeter to 

more heavily stressed outer ring wires. 

7.2.7 Mechanical Testing 

Mechanical property characterization was performed on the ASTM A586 wire and zinc from the 

Aux M4N failed socket assembly. In addition, mechanical property characterization was 

performed on ingot material for comparison purposes. The zinc ingot was 99.995% pure zinc, as 

reported in the analytical report from Eastern Alloys of Kentucky. Properties collected include 

wire tensile strength, zinc tensile strength, zinc compressive strength, zinc shear strength, and 

creep deformation [ref. 1]. Additionally, other details were collected to better understand the test 

results and support the investigation. Included in these other activities were microscopy of zinc 

metallurgical specimens and fracture images of crack growth in zinc. A summation of results can 

be found in this section (for specific details of mechanical testing, see Appendix B). 

7.2.7.1 Wire Material Properties 

Tension testing of the wire was performed at MSFC and WJE (see Appendix B and  

reference 1). Tensile properties from the ASTM A586 specification and wire from Aux M4N are 

shown in Table 7.2.7.1-1. The test results from MSFC include five wires cut nominally to  

16-inch lengths from wires U and B (see Figure 7.2.7.1-1). Strain values were collected by an 

extensometer with a 2.0-inch gauge length through at least 4.3% during each test. The test results 

from WJE were from five wires cut from the Aux M4N. One of the five wires had a stress value 

at 0.7% strain, lower than the ASTM specification, but all five wires had ultimate tensile 

strengths and total elongation greater than the ASTM specification. Test results from each 

laboratory indicate wires maintained the minimum required strength properties. 

Table 7.2.7.1-1. Wire Tensile Test Results 

Tensile Property ASTM Specification MSFC Test Results WJE Test Results 

Tensile strength 220.0 ksi 240.0 ksi (4.5 std. dev.) 237.6 ksi (4.5 std. dev.) 

Stress at 0.7% strain 160.0 ksi 169.3 ksi (3.0 std. dev.) 164.5 ksi (8.1 std. dev.) 

Total elongation 4.0 % Exceeds 4.3% Exceeds 5.3% 
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Figure 7.2.7.1-1. Location of Wires Approximately 15 ft from Socket 

 

7.2.7.2 Zinc Material Properties 

Mechanical testing of zinc was performed at MSFC. Overall, strengths appeared to be highly 

dependent on grain size and directionality. Metallography was performed to aid evaluation of the 

cast zinc microstructure and explain the differences in test data among the Aux M4N socket slug, 

the ingot, and previously published tensile test data for zinc. Figures 7.2.7.2-1 through 7.2.5.7-3 

illustrate these findings. Figure 7.2.7.2-1 shows the grain structure taken from socket slug 

material in an axial orientation near steel wires. Figures 7.2.7.2-2 and 7.2.7.2-3 show larger 

grains in the ingot material. Figure 7.2.7.2-3 shows that in some orientations, grains are greater 

than 1 inch in length. 

F-23. Wire mechanical properties meet ASTM specification. 



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  83 of 635 

 
Figure 7.2.7.2-1. Metallography of Socket Slug Material 

 

 
Figure 7.2.7.2-2. Metallography of Ingot Material Showing Equiaxed Grains 
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Figure 7.2.7.2-3. Metallography of Ingot Material Showing Elongated Grains 

7.2.7.2.1 Zinc Tensile Properties 

Small-scale tension test specimens were fabricated from zinc taken from the Aux M4N socket 

assembly in the axial direction and from a zinc ingot for comparison. The specimens had 

nominal cross-section dimensions of 0.150 inch by 0.125 inch. Among the socket slug 

specimens, four were successfully taken near the casting cap in close proximity to steel wires 

(see section 9c in Figure 7.2.1.3-2). Two were taken near the socket base with more separation 

from steel wires (see section 9g in Figure 7.2.1.3-2). Six specimens were taken from the 

comparative ingot material. Figure 7.2.7.2-4 compares the tensile strength of each of these small-

scale specimens.  

ASTM E8 rectangular specimens (0.500-inch by 0.625-inch cross section) were also tested using 

digital image correlation (DIC). Figure 7.2.7.2-5 illustrates slip bands in one of these specimens. 

Strength results were not significantly different between the small-scale and standard-sized 

specimens; only the results for the small-scale coupons are consolidated and presented here. 
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Figure 7.2.7.2-4. Comparison of Small-scale Tensile Results 

 

 
Figure 7.2.7.2-5. DIC of Standard Size Tension Specimen 

7.2.7.2.2 Zinc Compression Properties 

Zinc compression test specimens were made from the Aux M4N socket assembly in the axial and 

radial directions, in addition to specimens made from the comparative zinc ingot in three 

orientations 90° apart. These specimens were 0.375 inch in diameter. Additionally, large-scale 

specimens that were nominally 2.5 inches in diameter were taken from the ingot material. These 
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larger specimens were taken from the same orientation but from a different location in the ingot 

as a group of smaller-scale specimens (Ingot 4-6 specimens in Figure 7.2.7.2-6). Each of these 

specimens in this figure was compressed to 8.0% strain.  

 
Figure 7.2.7.2-6. Comparison of Compression Strength at 8% Strain 

7.3 Structural Assessment of Auxiliary Main Socket Joint 

The structural assessment of the auxiliary main socket joint is provided in this section (see 

Appendix C for the complete analysis). Appendix C includes extended details of the model 

construction, relevant inputs, general mechanics of the socket loading, sensitivity studies of 

varying material properties and dimensions, analysis of the as-built/as-failed socket condition, 

evaluation of metallurgical findings, and assessment of potential contributors to the failure. 

7.3.1 Finite Element Model 

A detailed 3D model of the structural strand termination into the M4N socket was developed 

using Abaqus/CAE to investigate the individual wire, zinc, and steel socket mechanics and to 

support the failure investigation. 

The models were developed to gain a better understanding of socket load transfer mechanics and 

to perform sensitivity studies to understand the effects of various parameters including the 

degree of brooming, zinc material properties, and voids observed during metallurgic 

examinations. Several separate model configurations were constructed, each containing varying 

levels of wire brooming, one of which represented the as-built/as-failed wire brooming specific 

to Aux M4N.  

The interfaces between the wires and zinc were modeled one of two ways depending on the 

desired analytical study. In select instances, the interfaces were considered rigidly connected 

F-24. Zinc mechanical properties in the Aux M4N spelter have significant variability as a 

function of grain size and directionality. 
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(“tied” in Abaqus terminology) for convergence efficiency. Otherwise, the interfaces were 

modeled with a nearly infinite stiffness contact condition (“contact pair” in Abaqus terminology) 

to enable extraction interface shear and pressure stresses. Contact modeling with friction was 

implemented between the zinc and the socket casing to allow for zinc “seating” within the 

socket. Material nonlinearity was included for the steel wires and the zinc spelter to predict the 

post-yield material response. Examples of the idealized wire brooming, simplified socket model, 

and wedge model mesh density are shown in Figure 7.3.1-1.  

 
Figure 7.3.1-1. Socket is Modeled as a Simplified Version that does not consider Clevis Pin and 

Holes 

7.3.2 Material Property Development Testing and Strength Properties 

The baseline set of mechanical properties of the various constituents of the joint (i.e., wire steel, 

socket steel cast casing, and zinc spelter) are provided in Appendix C. While a significant body 

of material testing was performed on the zinc and steel constituents, the only information 

leveraged for the purpose of analytical model development was the tensile and compressive 

strength properties to estimate stress-strain curve material models using the Ramberg-Osgood 

method.  

True stress-strain curves were generated and incorporated into the models based on NASA 

testing of the steel wire and the zinc (see Appendix B). Several different zinc material models 

were developed for use in sensitivity studies to determine socket termination capability based on 

the variability in material properties. These sensitivity studies were performed to mitigate 

concerns associated with uncertainty stemming from zinc material test data (see Appendix C). 

Sensitivity studies were also performed to investigate variability in the wire elastic modulus, but 

analysis results showed minimal sensitivity and are not reported in detail. 

Commercially pure zinc is a unique structural material in structural socket terminations because 

its tensile capability is extremely low. However, its compressive capability is high. Grain sizes 

also vary significantly based on manufactured method and rates of cooling during casting (see 

Appendix A, Section 4.3.1). As such, it is difficult to construct a high-confidence material model 

that accurately reflects both tension and compression response or attempts to model progressive 

damage. This acknowledgment was the impetus for considering the range of zinc material 

properties that are discussed later in this report. Figure 7.3.2-1 shows stress-strain curves 

generated using the Ramberg-Osgood method based on test data for steel and zinc. 
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Figure 7.3.2-1. True Stress-Strain Curves for the Range of Zinc Material Properties (left) and 

Baseline Steel Material Property (right) 

7.3.3 Boundary Conditions and Loads 

Finite element analysis showed that the pin-clevis connection at the back of the open socket 

termination did not need to be included in the baseline finite element models, as its effects were 

found to be insignificant in the overall socket mechanics. The loads did not cause ovalization of 

the socket and were shown to behave axisymmetrically. Appendix C provides additional details 

of this assumption. 

As stated originally in Section 7.1, the first load experienced by a newly manufactured socket is 

the socket proof test to 50% of the specified cable breaking strength. In the case of Aux M4N, 

this corresponds to a load of roughly 660 kips. 

Regarding operational loads, the observatory drawings specified three relevant loading cable 

conditions for the Aux Main cable (see Appendix D): 

Loading Condition 1: Initial tension under dead loads at 90 °F and includes all 

loads from modified central feed structure, the new Gregorian Dome, cables, 

loads due to raising the platform, loads due to tie-downs, and loads from wave 

guide supporting system. The final loads after initial erection is 602 kips.  

Loading Condition 2: Operational loads include all loads in Condition 1 plus 

50-mph wind and 90 °F: 615 kips. 

Loading Condition 3: Operational loads include all loads in Condition 1 plus 

100-mph wind and 90 °F: 622 kips. 

WJE performed analysis using the SAP2000 software and found that cable loads were affected 

by routine movement of the telescope and by wind loading during “survival” events. During 

routine operation, the movements cause loading imbalances in the cable suspension structure, 

while the tie-downs counter the imbalance so the auxiliary cable tensions vary only by the 

proportion of the additional tie-down force and auxiliary cable angles. WJE generated envelope 

values for each cable in this process but only presented the maximums. During “survival” 

conditions, the Gregorian Dome is stowed, and tie-down forces are relaxed so that the 

observatory receiver is free to displace as needed with the winds. WJE’s analysis predicted a 

maximum cable load of 720 kips [ref. 1], nearly 100 kips higher than the value prescribed in the 

drawing. Dead loads were a significant portion of the maximum cable load: (602 kips/720 kips) 

~84% resulting in a design factor of safety against the 1314-kip cable breaking strength of 



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  89 of 635 

approximately (1314 kips/720 kips) ~1.83. Finally, a proof factor of roughly 0.92 is achieved 

when considering a proof test of 657 kips and a survival load of 720 kips. 

Fluctuating cable loads and corresponding load spectra due to wind oscillations from hurricanes, 

earthquakes, temperature fluctuations, and telescope movements was not fully characterized. 

Due to limited available data to WJE, they did not characterize the many variations in loads that 

could occur and did not analyze the effects of various combinations of tie-down loads with 

static/dynamic wind loads. However, when examining the three loading conditions per the 

drawings, loads caused by winds are a small percentage of the total cable loads based on a 

comparison of load conditions 1, 2, and 3. 

Due to the uncertainty to the maximum tensile load expected in Aux M4N, all finite element 

analysis sensitivity studies were performed with a baseline cable load of 602 kips (load  

condition 1). Residual stresses from manufacturing and thermal and vibration sources were not 

included in the model. 

 

7.3.4 Socket Joint Physics  

Cable tensions from observatory dead load, operational loads, and survival transients are 

transmitted to the socket termination through the 126 individually broomed wires that are held in 

place by the cast zinc spelter within the steel open socket conical volume. The zinc that fills the 

socket cavity is bonded to the wires, and this bond creates an efficient load transfer among the 

wires within the socket.  

A special characteristic of the socket termination is that the combination of zinc plasticity and 

the conical volume forces a “squeezing” effect to occur around the broomed wire bundle in the 

narrow part of the socket. The high confining pressures experienced at the outlet of the socket 

keep the broomed wires from pulling out of the zinc and allow the failure to occur in the cable 

outside the socket (see Figure 7.3.4-1), thus developing the cited 100% efficiency termination. 

F-25. Observatory dead load resulted in sustained cable tensions within 20% of the 

maximum expected cable tension. 
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Figure 7.3.4-1. As Loading in Cables Increases (left to right), the Zinc Distributes Load amongst 

Wires within the Socket in a Mechanism Analogous to Metal Matrix Reinforced Composites 
Note: The magnitude of the contour stress plots is not particularly relevant for this demonstration. 

It is worth noting that some sockets, specifically those manufactured in the field, use a thermoset 

poured resin rather than molten zinc to confine the broomed wires within the socket. 

Functionally, the nearly incompressible resin achieves the same mechanical locking and 

squeezing of the wires as the zinc plasticity and conical socket shape. Reference 14 states: 

“When a load is applied to the rope, the resin cone must move forward into the 

socket. This effect generates high wedging pressures in the resin, tightly gripping 

the embedded wires. This movement, and the resulting wedging process, is 

essential to the operation of the system…” 

A properly manufactured socket termination should develop the full breaking strength of the 

structural strand or wire rope, meaning that the socket termination itself should not be the 

limiting strength factor in the capability of the whole cable. This is observed during testing when 

the failure mode is breakage in the cable rather than individual wire pullout of the zinc or resin 

casting. The exact progressive failure is complicated, and it is not obvious which individual wire 

fails first or where along the length of the cable the first failures should occur. Once individual 

wires fail, the failure mode may or may not exchange to the cast zinc or resin or may remain 

somewhere within the strand. 

Figure 7.3.4-2 shows the distribution of plastic shear strain in the zinc for three configurations of 

model brooming. The effects of brooming on performance are discussed later in this report, but it 

is worth noting that the bands of shear strain in the middle and lower configurations show how 

brooming affects stress and strain level in the zinc. Better brooming traps the wires and 

redistributes stress to the wires, while poor brooming puts more shear stress into the zinc, which 

can have deleterious effects on termination performance. This is discussed in more detail later. 
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Figure 7.3.4-2. Comparison of Representative Zinc Plastic Strain Fields for Three Different Wire 
Brooming Configurations highlighting Bands of Significant Shear for Less-broomed Cable Ends 

In reference 15, the cable fails at the far socket termination. In this failure example, it appears as 

though the cable core (remaining unfractured wires) would have pulled out of the socket due to 

zinc overload, like the Arecibo failure, had the test rig continued to move. In other tests, the 

structural strand has been shown to fail away from the socket, somewhere within the span of the 

strand length. However, it is not possible to predict which configurations fail in the strand near 

the socket and which would fail in span. 

7.3.5 Analysis-Test Correlation 

The breaking strength of the strand is rated at 1,314 kips and is consistent with hand calculations 

based on cross-sectional area of each wire:  𝐴𝑤𝑖𝑟𝑒 = 𝜋 ∗ 0.1252 = 0.049 𝑖𝑛2. Based on the 

single-wire minimum strength specification of 220 ksi, the predicted load at failure is 1,360 kips 

(= 126 wires × 𝐴𝑤𝑖𝑟𝑒× 220 ksi). 

The wedge finite element model predicted the highest stresses in the outer wires, and the ultimate 

strain to failure of the whole cable cross section was not predicted until the failure load was 

above 1,200 kips. However, the Aux M4N socket joint failed at operational loads near 600 kips. 

So one key question is why a socket with a rated breaking strength of more than 1,300 kips failed 

at near 600 kips. As stated previously, the rated breaking strength is determined in a test where 

the cable is loaded until total net section failure occurs. Total cable overload does not occur until 

most of the individual wires are yielding and collectively reaching their ultimate elongation limit. 

In all versions of the model, as-built and wedge models, analysis predictions showed that at  

600 kips the entire row of outer wires has begun to yield and plastically elongate, albeit not 

grossly. As intended, this causes a load redistribution to the inner rows of wires, which 

eventually yield next, and the process continues. All analyses show agreement that the breaking 

strength of the full strand would not occur at 600 kips of applied load for a pristine, newly 

constructed cable termination of this design. 

The finite element analyses were helpful in understanding the basic mechanisms of failure for 

such designs. A qualitative comparison to the failed socket shows that the finite element model 

predicts the “stepped” pattern wire failures observed during forensic examination, as shown in 
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Figure 7.3.5-1. The highest stresses were not predicted to be planar from wire to wire, rather the 

failure surface followed the surface of a rough spheroid, matching the stepped patterns seen from 

forensic examination. The outer wires were predicted to fail closer to the socket base cable outlet 

region, while the inner wires failed slightly inboard to the socket, as seen in the forensic evidence 

identified (see Appendix A, Section 4.2.2). The stress field suggested that the wires failed 

adjacent to the greatest confining pressure within the zinc. The zinc plastic flow and the shape of 

the socket create a region of confining pressure in the shape of a half spheroid, which causes the 

highest wire stresses adjacent to the boundary of the highest confining pressure. The red output, 

showing interface contact pressure (“CPRESS”) in Figure 7.3.5-1, reflects the area of highest 

confining pressure at the zinc/wire interface, which would squeeze the individual wires and 

suggest the fracture location to be ahead of this region (near the cable outlet of the socket). 

 
Figure 7.3.5-1. Highest Stresses were not Predicted to be Planar; Failure Surface followed a 

Spheroid Shape, matching Stepped Patterns seen in Forensic Investigation 
Regions of colored stars show the different "steps” of failure in the socket. Note that the yellow shading 

in the top left figure and the red high stress zones in the lower left figure match the shape of the failure 

surfaces in the right figure. 

Model predictions were qualitatively consistent with the observed wire failure modes from the 

Aux M4N socket. Forensics identified that the majority of wires failed in cup-cone fracture, 

although a select number of outer wires failed in shear. Analysis shows that the inner wires are 

under significant confining pressure, thus increasing elongation capability and resulting in a 

“ductile” cup-cone failure mode. The outermost wires have unbalanced confining pressure and 

are geometrically more broomed, which increases the likelihood of a shear failure mode. 

 

F-26. Finite element modeling predictions quantitatively agree with rated/measured wire 

breaking strength. 
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7.3.6 Strength Assessment 

Due to uncertainty in the zinc material properties, sensitivity analyses were performed with a 

suite of zinc material models ranging from “soft” to “stiff” that envelope NASA independent test 

data of the zinc spelter and ingot, as indicated by Figure 7.3.2-1. 

For an applied load of 600 kips, the range of zinc material models resulted in outer wire stress 

predictions ranging from 220 to 230 ksi, yielding in all cases. With a factor of safety of unity, 

this corresponds to structural margins ranging from +15% to –4% when considering a range of 

wire ultimate strengths of 220 to 250 ksi. Margins are considerably lower with the maximum 

cable load of 720 kips predicted by WJE’s analysis. 

For typical aerospace applications, structures with highly complicated stress distributions are 

analyzed and compared not only against the breaking strength of the joint but also for constituent 

stresses against their respective material strengths. Regardless of the zinc material model, the 

wires support the majority of the sustained load, and the outermost wires are stressed near the 

ultimate strength of the wire steel material, even at 600 kips of applied load, which is well below 

the rated breaking strength of the structural strand. The yielding of the outer wires results in load 

transfer to inner wires that can more readily accommodate the further increases in load before 

full cable failure. This can be understood by examining Figure 7.3.6-1. 

 
Figure 7.3.6-1. Wire Stresses are Highest in Outer Wires; Wire Stress was Relatively High 

Compared with the Material Capability, Regardless of Zinc Material Model 

F-27. Finite element modeling predictions were qualitatively in agreement with the NASA 

forensic analysis: 

• Maximum wire stresses predicted followed the stepped pattern observed in the 

forensic analysis. 

• Outer wires were predicted to fail in a shear failure. 

• Inner wires were predicted to fail in a cup-cone failure mode due to the 

compression effects of the zinc on the wires. 
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7.3.7 Cumulative Damage 

The topic of cumulative damage arises when considering structures with long lifetimes, 

structures subject to significant loading transients, or structures with minimal design margin. In 

the Aux M4N socket termination, the low structural margin and long lifetime create a condition 

where it is theoretically unable to accommodate loading transients, creep, and other time-

dependent factors ad infinitum. The topic of damage accumulation was explored in a basic 

assessment of creep and fatigue for the joint. 

Socket Corrosion Discussion: Forensic analysis and associated microstructural studies found 

corrosion within the zinc casting, at the wire-zinc interfaces, and at the zinc-socket interface. 

Finite element analysis was leveraged to assess the potential role of each forensic finding in the 

failure progression. 

Corrosion was found in the upper two-thirds region between the socket housing and the zinc 

casting outer diameter, while negligible corrosion was found in the lower third. A finite element 

analysis sensitivity study examined the influence of corrosion between the zinc casting and 

socket housing. The analyses varied the coefficient of friction from 0.3 to 0.8 and then as 

permanently affixed between the zinc casting and socket housing, and found minimal effects on 

the wire stresses. The findings are consistent with understood socket physics that pulling wires 

also pulls the zinc against the socket housing. A high-compression zone then develops between 

the socket housing and zinc during this process, and any presence of corrosion has a low 

influence on wire stresses because the load transfer mechanism remains intact. 

Finite element analysis also evaluated the corrosion findings that eight wire ends were cast 

protruding from the zinc outer diameter and found corroded. Analysis showed that wires are not 

stressed highly in the wider region of the socket compared with those in the front and that the as-

identified corroded interfaces should not be detrimental to the load transfer mechanism. 

Separately, analysis evaluated voids and defects within the casting near the wider socket casting 

region and found negligible effects on the maximum predicted wire stress located adjacent to the 

cable outlet from the socket. 

Corrosion throughout the zinc casting was also evaluated for potential degradation of zinc 

mechanical properties and potential influence on wire stresses. Results of this sensitivity study 

did not change the conclusion that individual outer wire stresses are near ultimate strength at 

operational observatory loads. 

Finally, the analysis showed that the highest stresses were near the narrow diameter of the 

socket, where corrosion was less pervasive. While corrosion was present in smaller quantities, 

the potential influence on wire stresses was significantly lower than the role of low structural 

margins at operational loads and the influence of long-term sustained loading. 

Zinc Creep: The cast zinc is under a large amount of shear and compression stress in this design 

due to the wires shearing the zinc at the bonded interface and the overall compression that 

develops once the volume of zinc flows and becomes compressed by the narrow end of the 

F-28. For a large range of realistic zinc material properties, all models predict that outer 

wire stresses are near ultimate strength of individual wires, even at operational 

observatory loads, demonstrating low or even negative margins of safety for the Aux 

M4N socket. 
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socket. Literature of zinc spelter sockets suggests that the zinc is susceptible to creep behavior at 

a higher rate than steel wires. Shear stresses vary throughout the cast spelter volume, with the 

highest stressed regions being in the narrow half of the socket and sufficiently high in magnitude 

to expect the occurrence of creep. The significant stress and strain levels in the zinc are evident 

in the plastic strain field shown in Figure 7.3.4-2. This is also confirmed by WJE testing, which 

subjected samples to constant loading and resulted in creep behavior [ref. 1]. 

Rather than modeling the creep behavior, a sensitivity study was performed for cases that 

considered zinc linear, zinc nonlinear with a “medium level” of softening, and zinc nonlinear 

with a “higher level” of softening. More softening contributes to more plastic flow and higher 

stresses in the outer wires. Analysis with “soft” zinc properties mimicking creep suggests that 

plastic flow is likely to occur over time and will continuously redistribute load into the outer 

wires as the inner wires and core continue to mobilize. This is similar in spirit to the findings 

associated with the variability in zinc material models described earlier. The hydrostatic effects 

that develop in the zinc are key to developing load transfer to the wires due to the pinching 

mechanism that occurs in the regions of high compression near the outlet of the socket. Due to a 

lack of reliable creep failure criteria, no attempt was made to predict the creep failure of the 

zinc, but the assessment demonstrates qualitative relevance. 

Steel Wire Surface Defects: Forensic analysis revealed wire surface defects on five fractured 

wires and indicated that defects influenced the failure of two of the wires. From the structural 

assessment perspective, surface defects can cause local stress risers that decrease the strength 

capability of those respective wires. The negative structural margins predicted with a factor of 

safety of 1.0 at limit load further deteriorate when the stress riser due to the surface defect is 

considered. 

Steel Wire Creep: Adjacent to the socket termination, the brooming of the wires and the 

geometric stress concentration results in the outer wires being stressed to a significant percentage 

of their strength capability. As such, there is limited structural margin remaining that can 

accommodate overloading events or reduction of capacity due to “time-dependent” failure 

mechanisms for infinite durations. Steel wire is known to exhibit creep response [refs. 16-18] 

under sustained loading and, as the stress increases relative to the strength of the wire, the creep 

strain rate also increases.  

Strain loading was sufficiently high that it could not accommodate creep and cyclic loading. The 

creep mechanism is therefore a credible phenomenon, particularly on the heavily stressed outer 

wires of the socket joint. Increasing the strain level in the wire also results in decreasing 

elongation capability. Due to the lack of reliable stress rupture failure criteria, no attempt was 

made to predict creep failure of the wire, but the assessment demonstrates qualitative relevance. 

Cyclic Loading of Socket Joint: A finite element model was constructed to understand the zinc 

and wire mechanical behavior due to proof testing followed by fluctuating cable loads. A six-

step analysis process was performed: (1) socket proof test to 50% rated breaking strength 

(660 kips), (2) unload (<12 kips), (3) load to initial operational load (624 kips), (4) reduce to low 

operation load (500 kips), (5) increase to survival load (720 kips), (6) return to original 

operational load (624 kips). In reference to Figure 7.3.7-1, it was confirmed that cyclic loading 

beyond proof test loading progressively increases strain in wires, progressively increases plastic 

flow in zinc, and exhibits structural hysteresis. During subsequent loading events at lower 

magnitudes, the response in outer wires remains linear. 
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Figure 7.3.7-1. Stress History and Hysteresis from Repeated Loading above Proof Load Level 

Stresses Shown from Starred Location in Bottom Right Graphic. 

Comparing field output plots of the yield state in each step confirms that the majority of the 

structure responds linearly for loading below previously achieved loads (from proof test, initial 

operations, or survival conditions). Figure 7.3.7-2 shows the yielding portions of the socket in 

red for each of the six analysis steps. Subsequent elevated loading or loading reversal results in 

yielding of both zinc and wire steel, although the zinc repeatedly yields in compression during 

load removal while the wires do not yield. 
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Figure 7.3.7-2. Yield State Shown in Red for Zinc and Wires for each Analysis Step 

Fatigue Life Characterization of Steel Wires: The observatory receiver suspension cables 

were subject to load fluctuations from temperature cycles, winds from tropical storms, routine 

daily winds, and earthquakes. Due to lack of available information relative to the load spectra, it 

was not possible to predict damage accumulation with high degree of confidence. Rather, a 

qualitative assessment was performed, illustrating that the design will accumulate damage from 

cyclic loading, preventing the structure from possessing an infinite life. 

The concept of a modified Goodman diagram can be employed to demonstrate the relationship 

between mean stress offset, cyclic stresses, and their combined effect on expected life. 

Qualitatively, the modified Goodman diagram gives information on whether the design space 

(mean and alternating stress combination) possesses effectively infinite life or whether some 

finite life failure is expected. The diagram is constructed by establishing axes for mean stress 

(horizontal) and alternating stress (vertical) and drawing one line between ultimate tensile 

strength and endurance limit strength and another line between yield strength on both axes. The 

conservative inner envelope of yield strength and endurance limit stress is the region where 

effectively infinite life would exist for combinations of mean and alternating stresses existing 

within that region. Outside this envelope, some finite lifetime is expected, dependent upon the 

exact load history, material capability, susceptibility to environmental degradation, etc. The 

modified Goodman diagram for the highly loaded outer wires at the Aux M4N socket 

termination is shown by the yellow oval in Figure 7.3.7-3. The diagram indicates finite life due 

to cyclic loading conditions. The diagram was constructed for specification yield and ultimate 

strengths of the individual wires, but the concept can be extended to nominal strengths, design 

minimum strengths, or those specified by a customer. 
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Figure 7.3.7-3. Modified Goodman Diagram showing Separation of Finite and Infinite Life Regions 

with Annotations for Aux M4N Operational Space 

The modified Goodman equation was used to qualitatively conclude that the number of cycles to 

failure can vary drastically depending on the assumptions made. The modified equation is as 

follows:  

𝑁 =   (
𝜎𝑎

(𝑓𝜎𝑢)2

𝜎𝑒
(1 −

𝜎𝑚

𝜎𝑢
)

)

1/𝑏

;         𝑏 = − (
1

3
) log [

𝑓 𝜎𝑢

𝜎𝑒
] 

where a mean stress correction is necessary due to sustained cable tension from observatory dead 

loads. Here, σa is stress amplitude due to fluctuating loads, σu is wire ultimate strength, σm is the 

mean stress in the wire, f is the fatigue strength adjustment factor (typically 0.9), b is the Basquin 

coefficient (approximately –0.1 for metals), and σe is the endurance limit. In the above equation, 

it can be seen that the ability to accommodate alternating stresses is reduced as the mean stress 

approaches the strength of the material. 

The prediction for mean stress related to the sustained loading condition (e.g., dead loads) was 

estimated for the purpose of calculating a range of allowable cycles. However, because the load 

spectra defining the alternating cable load and stress spectra was not fully characterized, a 

quantitative prediction with high confidence could not be performed. Since the sustained loads 

are roughly 80% to 90% of the total cable load (per Section 7.3.3), the remaining percentage of 

the load can be assigned to transient effects. Given the uncertainties in load spectra, the range of 

predicted cycles to failure showed anywhere from 100 to 1 million cycles, which is instructive 

because a finite life is predicted but the range is too big to draw conclusive statements on the 

amount of accumulated damage due to cyclic loading. Given the nature of the Arecibo 

Observatory operation, it is known that the Aux M4N successfully endured a significant number 

of cycles. Nonetheless, every cycle does generally contribute to accumulation of damage. 
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In conclusion, a qualitative cumulative damage analysis considering cable load fluctuations 

shows that cumulative damage occurs during operation, but the total accumulation of damage is 

unknown due to uncharacterized load spectra. 

Creep and Cyclic Loading: Generally, materials incur cumulative damage due to both sustained 

loading and cyclic loading, as structures are not likely operating in conditions where one of the 

contributors is totally absent. Per American Society of Mechanical Engineers (ASME) Section 

III Division 5, accumulation of damage occurring due to sustained loading and cyclic loading 

can be linearly combined using Miner’s rule. This is illustrated by the interaction diagram in 

Figure 7.3.7-4. Here, n and Nd are the number of cycles and the allowable number of cycles for 

the loading condition j; t and Td are the actual time at stress level k and the allowable time at that 

stress level. D is the allowable combined damage fraction. The point of this diagram is to 

illustrate that time-dependent degradation modes are not only due to sustained loading, but cyclic 

loading can accelerate creep-related failure modes. The graphic shows an example exchange rate 

between cyclic and time-dependent contributors to total accumulated damage. 

In the Arecibo Observatory Aux M4N application, sustained loads are due to observatory dead 

loads, which make up most of the total cable load envelope (in the range of 80% to 90% per 

Section 7.3.3 and WJE supporting analysis [ref. 1]). Comparing the alternating cable load with 

the mean cable load (sustained) demonstrates that the failure event was influenced by creep 

mechanisms. Considering creep to be a dominating factor is consistent with metallurgical 

observations that revealed no evidence for typical fatigue failures (e.g., beach marks and 

striations). However, contributions from cyclic loading cannot be entirely dismissed, as they can 

be masked by the occurrence of creep, can accelerate creep-dominated failure modes, and can 

contribute to the total cumulative damage of the hardware. 

 
Figure 7.3.7-4. Cumulative Damage Can Occur due to Combination of Cyclic Loading and 

Sustained Loading 

Failure envelope
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7.3.8 Discussion on Transient Loading (e.g., Hurricane Maria, earthquakes) 

Structural elements cannot easily endure both near-ultimate static sustained load and large 

alternating loads for long periods of time. In the Aux M4N design, at operational observatory 

loads, the outer wires of the cable adjacent to the socket termination experience significant 

stresses and local yielding and possess limited structural margin. While the transient loading of 

the Arecibo Observatory may be comparably small to the sustained dead load, it is recognized 

that cyclic loading only accelerated the creep-dominated failure mechanism. Environments such 

as hurricanes, earthquakes, and temperature fluctuations can increase creep, per the ASME 

interaction curve, and reduce the life of the socket joint.  

According to WJE, Arecibo collected wind data every 15 seconds to determine peak velocity. 

For Hurricane Maria, the peak recorded wind velocity was 110 mph, while the average wind 

speed over 15 minutes peaked at about 70 mph. It is worth reflecting on the original design that 

considered the “survival” condition to be 100 mph winds. 

During normal daily operations, one body of data collected at 200 Hz did not show evidence of 

significant cable load oscillations due to wind or temperature transients. No data were provided 

for conditions during Hurricane Maria or for those reflective of tropical storms, hurricanes, or 

earthquakes. Therefore, no correlation between measured values and significant transient 

environments can be made. As such, the real structural response due to wind gusts or vortex 

shedding during transient environments is unknown and can only be qualitatively assessed as a 

general contributor to the accumulation of damage. 

7.3.9 Effects of As-built Wire “Brooming” 

All results presented so far were based on a representation of the brooming condition that 

enables the development and use of a reasonable finite element model. At the time of the 

analysis, the reconstruction of the as-built condition was not available. Subsequently, the team 

developed several representations of brooming where the wire distribution is axisymmetric 

around the cross section. The model version containing the largest degree of brooming is referred 

to as the “ideal brooming condition,” although it is recognized that such a brooming would not 

materialize in actual socket manufacturing. Nevertheless, analyses with various brooming 

conditions can provide insight into the sensitivity of brooming quality to the critical stress of the 

socket joint and help develop a more thorough understanding of socket termination mechanics.  

The brooming operation ensures that the wires are as evenly distributed as possible within the 

socket so that the load distribution is efficient. Since the brooming operation is a manual 

operation, no two sockets are exactly alike. The exact brooming geometry and the quality of the 

wire-to-zinc bond are affected by the manual operations.  

Multiple models were developed that assumed various “qualities” of brooming in attempt to 

bound the problem. Specifically, three levels of broomed models were created: “ideal,” 

“medium,” and “poor.” The “medium” brooming resembled the “ideal” configuration in terms of 

relative distribution of wires, but they were broomed to a small final footprint. The “poor” 

brooming only broomed the outer-most row of wires and did not significantly broom the inner 

F-29. The socket design had low wire structural margins and a large percentage of 

sustained loading, which made the design susceptible to a creep-dominated failure, 

likely accelerated by fluctuating cable loads. 
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rows. It is recognized that the terminology assigned to each condition is in name and not an 

explicitly and optimized “ideal” or “poor” condition in practice. 

Analysis results suggest that a more uniform distribution of wires within the zinc matrix leads to 

the development of better confining pressure on the broomed wires, reduced excessive extrusion 

of the zinc, and a more predictable failure wire mode outside the socket termination. The more 

non-uniform the density distribution of wires over a cross section of the zinc matrix, the “worse” 

the brooming is considered. Based on Figure 7.3.9-1, it is visually apparent that the as-built 

configuration falls somewhere between an “ideal” and a “poor” brooming, as expected. It should 

be noted that when making this qualitative assessment the brooming in the socket that failed 

could be similar to other socket “brooming,” while the “ideal” brooming configuration modeled 

may never be achieved in practice. 

Further, the interviews with two industry subject matter experts (see Section 6.4) confirmed the 

as-built brooming to be visually consistent with their experience of structural strand socket 

termination brooming. 

 
Figure 7.3.9-1. As-built Wire Distribution compared with Ideal Brooming Configuration and 

Poorly Broomed Configuration 

Analysis shows that, for marginal designs like the M4N socket, brooming quality becomes more 

important than designs with robust structural margin. A sensitivity analysis was performed 

comparing the outer wire stresses for the three brooming configurations with decreasing levels of 

quality of brooming. The plastic strains and tensile stresses in the outer wires increased with 

decreasing quality of brooming. The proposed explanation for this phenomenon is that more 

brooming leads to better development of confining pressure in the narrow end of the socket, 

which results in a more distributed load across the cable cross section. Better brooming prevents 

excessive zinc seating extrusion and time-dependent extrusion due to the distribution of wires 

through the zinc volume, resulting in a composite system that uses the entire embedded wire 

surface to resist flow. When there is a lesser degree of brooming, there is more zinc plastic flow, 

and the mechanical response exhibits a softening phenomenon (i.e., a reduction of tangent 

modulus), which leads to a distribution of load into the outer wires as the wire and zinc continue 

to experience excessive seating extrusion. For poorly broomed configurations, a lower volume of 

high triaxial compression is predicted, which is directly correlated to the effects of confining 

pressure on the wires that keeps the wire-zinc bond intact; more brooming redistributes load into 

wires across the cross section.  

 

F-30. Decreasing brooming quality results in increasing stresses in the outer-row wire and 

reduces margin for designs operating near their strength capacity. 
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7.3.10 Effects of Defects within Zinc Spelter 

Forensic evidence indicated that zinc voids were from the manufacturing process (See  

Appendix A, Section 4.3). Corrosion products were also observed in the some of the zinc 

surfaces (see Appendix A, Section 4.4). An analytical study was pursued to study whether zinc 

voids could have accelerated the failure of the outer wires. Three analytical models were 

developed, one with a void toward the socket base side, one with a void midway down the length 

of the socket, and one with a void toward the casting cap side of the socket. The voids were 

simulated by deleting elements representative of the zinc material. Analyses predicted negligible 

effects on the outer wire stresses due to the presence of these voids. All effects of the voids were 

limited to the local area adjacent to the voids within the socket volume and did not affect the 

overall stress distribution of the wires outside the socket. This is because the most highly stressed 

wires occur near the socket base and remain unaffected by the existence of voids a substantial 

distance away in the zinc. However, the analysis cannot rule out the effects of voids on time-

dependent effects, local zinc damage, or damage to the wire/zinc interface that would have 

progressively contributed to an increase in plastic flow and affected wires elsewhere.  

A separate model configuration was run where 20% of the zinc volume was removed from the 

casting-cap side of the socket to mimic the existence of the cavity tear that was observed just 

under the casting cap. The loss of zinc away from the cable outlet of the termination indicated no 

change in critical wire stress level and did not indicate a difference in termination capacity. 

Termination capacity is influenced significantly by the zinc in the narrow side of the conical 

volume but is largely unaffected by the zinc at the open end of the socket. 

 

7.3.10 Analysis Progression of Failure 

An analytical exercise was undertaken to examine the load redistribution and stress concentration 

effects of progressively failing wires adjacent to the socket termination. The intent of the study 

was to quantify the stress increase of failure on adjacent wires, determine a failure pattern 

assuming select failed outer row wires, and qualitatively compare to results from forensics 

evidence. Figures 7.3.10-1 and 7.3.10-2 graphically show the first configuration considering 

three failed wires at the 3 o’clock side of the cross section. 

F-31. Analysis predicts that stresses in the zinc and wires are not affected by the zinc voids 

identified in the forensic examination of the Aux M4N socket. 
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Figure 7.3.10-1. Pictographic Representation of Wire Stress over Cross Section and Initially Failed 

Wires at 3 o’clock Side 

 

 
Figure 7.3.10-2. Finite Element Model Visualization of Three Initially Failed Wires  

Six finite element analyses were conducted, each with differing number of failed wires. Models 

containing 3, 9, 15, 21, 31, and 38 disconnected wires representing post-fracture configuration 

were leveraged for the purpose of this study. Figure 7.3.10-3 shows a representative change in 

stress distribution across the cross section when considering the increasing number of failed 

wires. For the first configuration of three failed wires, the adjacent wire stresses increase by 
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roughly 5%. The stress increase changes with the number of failed wires, with more load transfer 

and stress increase occurring for increasing numbers of failed wires. Note the cross-sectional 

stress distribution shown in Figure 7.3.10-3 is for a specific distance away from the socket face 

and that there are complicated 3D effects not captured by this two-dimensional (2D) image. 

 
Figure 7.3.10-3. Model Cross-sectional Stresses for Differing Numbers of Failed Wires showing 

Stress Redistribution Radially and Circumferentially 

The forensic analysis identified which wires in the cross section remained intact and pulled out 

of the socket with the core of the cable versus those which fractured in the socket. There was a 

clear bias of the wire failures to one side of the socket with a distribution of wire failures 

emanating radially and circumferentially from the 3 o’clock side of the socket. This is shown in 

Figure 7.2.3.1-1 but is shown again in the composite image in Figure 7.3.10-4. The red arrows 

show the theme of failure progression radially and circumferentially overlaid on the forensics 

cross-sectional naming and fracture type. 
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Figure 7.3.10-4. Pictographic Representation of Failure Progression Overlaid on Forensics Failure 

Mode Coloring 

Lastly, the strain distribution within the zinc is markedly different when considering only three 

failed wires versus 38 failed wires. The shape and magnitude of strain is compared in 

Figure 7.3.10-5, which shows that peak plastic strains are greater than four times the pristine 

design when considering 38 failed wires. Note that, qualitatively, the shape of the zinc strain 

field is roughly similar to the cross section or cable that pulled from the socket during the failure 

event. 

 
Figure 7.3.10-5. Plastic Strain Field Comparison between Three Failed Wires (left) and 38 Failed 

Wires (right) 
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7.3.11 Summary Based on Analysis Predictions 

A combination of the design factors of safety, local socket mechanics, and high dead load 

resulted in small or negative margins of safety for the critical outer wires adjacent to the failed 

socket termination. There was no structural margin to accommodate time-dependent mechanisms 

under sustained loading, additional loads from dynamic environments (e.g., thermal fluctuations, 

hurricanes, earthquakes), or degradation mechanisms (e.g., corrosion). A hypothetical use case 

with a higher factor of safety (e.g., 4.0) predicts wire stresses below yield and reduced zinc 

yielding. In this case, the design is more accommodating of time-dependent degradation 

mechanisms and less sensitive to socket fabrication variability. 

A key question in this study examines why this socket failed versus others at Arecibo or across 

the industry. While many designs exist in industry that could potentially use similar factors of 

safety, the Arecibo Observatory application required that most of the tension load in the cable 

was dead load due to constant suspension of the receiver. Fluctuating loads do occur from wind 

and temperature, but these are a relatively small relative to the magnitude of dead load. In 

contrast, other civil structural applications of structural strand socket terminations (e.g., bridges) 

are designed for conditions where there are live loads and dead loads and the dead load is a 

smaller percentage of the peak load condition. Therefore, in those applications, the strength 

margins are effectively larger for a longer period of the hardware life and provide comparably 

more margin to resist time-dependent failure mechanisms.  

Despite the socket termination receiving a dedicated proof test, the intent of socket proof tests is 

not to screen for time-dependent degradation mechanisms such as creep, but rather test gross 

manufacturing intactness by demonstrating an adequate bond between the wires and the zinc at 

the individual interfaces within the socket. Due to the low margins in this application, the design 

was less accommodating of time-dependent mechanisms (e.g., the creep-dominated failure 

mode) and the multitude of environments over 25 years that combined to erode already low 

margins until the point of failure. 

Finally, analyses were leveraged to investigate the possible sequences for progression of failure 

based on progressively increasing the number of failed wires. Results show qualitative 

congruence with forensic examination of the failed wires in the socket termination cross section. 

Failures of outer row wires lead to stress increases in the adjacent radial and circumferential 

wires, which propagate around the cross section until final zinc overload. 

7.4 Design Factors and Standards 

7.4.1 Insufficient Design Factor of Safety  

The design factors of safety and their role in the failure of socket joint are discussed in this 

section. The Aux M4N socket has a defined minimum rated breaking strength of the cable 

(1,314 kips) compared with the maximum survival cable load predicted by WJE’s analysis of 

720 kips. This results in an effective design factor of safety of less than 1.83. Because insight 

into the exact factors of safety targeted in the original design and the original design analyses 

were unavailable, this section will reference the effective safety of 1.83, acknowledging that the 

actual safety factor targeted in the design could have been different. The following sections 

consider the Aux M4N socket in the context of design standards, live load to dead load ratio, 

factors of safety, analysis results, nonlinearity, and redundancy. It is postulated here that a  

1.83 design factor of safety for the cable in question was insufficient to protect for time-
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dependent creep-dominated failure modes and application in environments subject to hurricanes, 

earthquakes, and moisture.  

7.4.2 Design Standards 

The design upgrades involving the failed socket joint predated ASCE 19-96 [ref. 19], which was 

the requirements document governing the design of steel cables for buildings. Further, 

SEI/ASCE 7-02 [ref, 20] amends ASCE 19-96 steel cable design requirements. ASCE 19-96  

was superseded by ASCE 19-10 [ref. 21]. While the inapplicability of ASCE 19-10 to the failed 

socket design is recognized, it is useful to discuss how current governing standards compare 

against this design. In the observatory application, the effective design factor was 1.83 or less, 

while current civil engineering design standards evaluate various combinations of loads (e.g., 

live, dead load) against a design factor of approximately 2.2. 

According to reference 22, there is open debate concerning the structural redundancies of cable-

stayed bridges (CSBs) and to what extent these structures are structurally sound under various 

extreme loading conditions. Table 7.4.2-1, reproduced from reference 22, shows factors of safety 

for cables. 

Table 7.4.2-1. Design Factors of Safety from Various Industry Standards [ref. 22] 

 

The selection of an appropriate design factor of safety for stayed cables is discussed in the 

literature, and it is argued that their selection depends on the ratio of live load to dead load stress 

and occurrence frequency of live load stress, fatigue, and corrosion, among other factors 

[ref. 22]. 

7.4.3 Qualification Methodology Discussion 

Correspondence with subject matter experts indicated that the only testing performed at the time 

of Aux M4N design was a single pull test to failure that demonstrated a breaking strength in 

excess of the required rated breaking strength of the structural strand. Subsequently, builds were 

production units for Arecibo, receiving only socket proof tests and no additional qualification-

type tests. No documentation of this qualification strength test was available for review. 

Standards
Design Factor of Safety 

for Stay cables of CSBs

Japan Road Association. Specifications for highway 

bridges: part II, steel bridges. Tokyo: Japan Road 

Association; 2017. Japanese.

2.5

EN 1993-1-11: Eurocode—3. Design of steel 

structures—Part 1–11: Design of structures with 

tension components. European standard. Brussels: 

European Committee for Standardization; 2006.

2.2

Post-Tensioning Institute. Recommendations for stay-

cable design, testing and installation. 5th ed. 

Farmington Hills: Post-Tensioning Institute; 2007.

2.22

Service d’Etudes Techniques des Routes et 

Autoroutes. Cable stays—recommendations of 

French interministerial commission on prestressing. 

Bagneaux Cedex: Service d'Etudes Techniques des 

Routes et Autoroutes; 2001. French.

2.174

International Federation for Structural Concrete. 

Acceptance of stay cable systems using prestressing 

steels. Report. Lausanne: International Federation 

for Structural Concrete; 2005.

2.2
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While zinc spelter sockets are not specifically aerospace structures, it is insightful to examine the 

recommended design/build process of the socket as if it were aerospace hardware. Aerospace 

industry standards such as SMC-S-016 and NASA-STD-5001 recommend the following: 

1. Fatigue/fracture testing demonstrating that the design is robust to the minimum detectable 

flaw size to at least four times the service life. 

2. Thermal cyclic tests. 

3. Vibration tests. 

4. Creep tests. 

5. Static strength tests. 

6. Acceptance tests (e.g., proof test). 

This comprehensive verification methodology is of high importance in aerospace applications 

because factors of safety are typically lower than in civil engineering applications. 

Larger structural margins generally reduce the potential for fatigue and creep failure modes. In 

the Arecibo Observatory socket verification, the static strength qualification test did not 

explicitly consider other failure modes. Comparing the minimum breaking strength specified in 

the drawing (1,314 kips) and WJE limit load calculation (720 kips), the effective test factor of 

safety was calculated as: 

Effective Qualification Strength Factor = (1314 kips)/(720 kips) = 1.82 

The acceptance test is performed at half the breaking strength, so the effective proof test factor is 

calculated as follows: 

Effective Proof Test Factor = (657 kips)/(720 kips) = 0.91 

In aerospace applications, the proof test factor is typically required to be >1.0 to demonstrate the 

capability of the hardware to endure greater than limit-load-level loading. In some instances, 

specifically where fatigue and creep want to be exonerated, the qualification test and proof test 

factors are significantly greater than 1.0 to show how significant design margin for the 

production build is against the limit load condition. For the Aux M4N socket in question, a proof 

test factor of 0.91 may demonstrate that no grossly unacceptable manufacturing conditions exist, 

but no credit can be taken for demonstrating margin to life or other deleterious failure modes. 

Potential shortfalls of Aux M4N design/build verification:  

1. Proof test factor was <1.0. 

2. Incomplete identification of failure modes associated with the Aux M4N socket. Potential 

failure scenarios include intra-material (e.g., adhesive failure between steel rope and zinc) or 

inter-material (e.g., crack propagation within the zinc itself). An analog to the design can be 

found with structural composites, particularly those that include face sheets bonded to a core 

material. In such cases, qualifying the design for life may entail dedicated subcomponent 

tests.  

3. Socket joint fabrication is sensitive to workmanship. Testing just a single unit, as is often 

done for aerospace hardware, may not be appropriate. Instead, the sample size should be 

large enough to account for lot-to-lot variability considering material, human, and process 

elements. In the aerospace community, manufacturers often establish expected strength based 

on multiple specimens pulled from multiple builds. For such process-sensitive components, 
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workmanship testing is critical. It may be the case that the socketing community possesses an 

additional body of data related to this topic, but nothing specific was made available to the 

authors of this investigation. 

7.4.4 Redundancy 

Per ASCE 19-10 Section 3.1.1, cable system structures should be configured to maximize 

structural redundancy, and failure or malfunction of any one local component should not result in 

structural collapse. For example, in one structural application, the City of Chicago Department of 

Buildings required that structural engineers review the redundancy of a structure, and the city 

established criteria requiring the investigation of instantaneous cable failure and associated 

effects [ref. 23]. It is argued here that the concept of redundancy must be demonstrated for 

sufficient durations that corrective actions can be implemented to prevent total collapse. Failure 

of a single element delaying Arecibo Observatory collapse by several weeks or months is not 

sufficiently redundant for corrective action to occur. 

While reference 22 was not peer reviewed by NASA or The Aerospace Corporation, there are 

some conclusions worth noting relative to structural redundancies and factors of safety of CSBs. 

In reference 22, simplified finite element models of bridges were developed and static analyses 

were conducted to study redundancy through a parametric study of the safety factor. The effects 

of overloading, cable loss, and corrosion on the structural redundancy of both bridges were 

investigated. Reference 22 indicates that CSBs are sufficiently redundant at a safety factor of 2.5, 

and that a safety factor of 2.2 yields minimum structural redundancy for a CSB under normal 

loading conditions. However, it is noted that a CSB can lose its redundancy significantly at 2.2 in 

the case of an unexpected rupture/collapse of a stay cable. 

Despite the Arecibo Observatory load ratios being proportionally different than CSB designs, the 

conclusions in reference 22 point to a potential deficiency in the Arecibo Observatory design due 

to lack of structural redundancy, especially considering the observatory’s comparably low safety 

factor (~1.83) and exposure to extreme conditions (e.g., hurricanes, earthquakes). Failure of the 

main cable in the Arecibo Observatory application resulted in an eventual catastrophic collapse, 

indicating lack of structural redundancy. 

7.4.5 Live Load to Dead Load (LL/DL) Ratio 

In typical design, dead loads are much more certain and predictable than live loads. In the 

observatory application, the source for most of the cable load was from dead loads. Live loads 

from operation and thermal transients were a small percentage of the total cable load. Apart from 

live loads, extreme environments (e.g., winds and earthquake loads) contribute to the total cable 

load and had to be considered in the observatory’s cable upgrade designs. The LL/DL ratio, its 

relationship to the factor of safety 1.83, and the role in the observatory failure event are further 

explored. 

While the observatory was not designed per ASCE 19-10 [ref. 21], it is instructive to understand 

how the observatory design bodes with this design standard. ASCE 19-10 indicates that 

temperature effects on cables, vibrations, deflections, and erection analysis must be evaluated for 

cable structures. The ASCE standard also states the minimum breaking strength of cables shall 

always be at least twice the maximum cable design loads, including the envelope of loading 

combinations of cable self-weight, structure dead load, cable pre-stress forces, and live load and 

environmental load combinations. Cables also should maintain a minimum tensile force under all 
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loading conditions to minimize visible cable sag and the potential for induced cable vibrations. 

Table 7.4.5-1 describes five of nine examples of various load combinations required in the 

evaluation. 

Table 7.4.5-1. Load Factors required in Evaluation of Load Combinations 

Combination Dead Load Live Load Pretension Wind Earthquake Erection Rain 

T1 1.0 0 1.0 0 0 0 0 

T2 1.0 1.0 1.0 0 0 0 0 

T3 1.0 0 1.0 0 0 0 1 

T4 1.0 0.75 1.0    0.75 

T5 1.0  1.0 0.6 (OR) 0.7 (OR)   

There are four other combinations in ASCE 19-10 not listed in Table 7.4.5-1. The largest load 

combination multiplied by 2.2 should not exceed the cable nominal breaking strength. Other 

reduction factors may be applicable that require consideration per ASCE 19-10, but these are not 

discussed here. 

The observatory’s cable final load is 602 kips for dead loads and potentially includes pre-tension. 

Under operational conditions (e.g., live load) the cable tension load is 615 kips. Survival cable 

load, which presumably includes loads from hurricanes and earthquakes, is 622 kips. Based on 

these loads, it is not possible to meet the ASCE 19-10 design factor of 2.2. With the WJE 

maximum predicted cable load of 720 kips, the gap is even wider against this standard. 

Further, based on The Aerospace Corporation’s finite element model, the operational loads of the 

observatory cause the outer wire stress to approach the strength capacity of the wire at nearly 

half the rated cable breaking strength of 1,314 kips and remain high for the service life 

(+20 years). The zinc within the socket is also under sustained shear loads that continuously 

cause the outer wire stresses to increase. Per ASCE 19-10 [ref. 21], creep in cables can occur 

even after pre-stretching. High stress levels relative to the breaking strength will result in a creep 

rate that can increase the wire strains over time, thus limiting the ability to accommodate other 

environmental effects stemming from cyclic loading and corrosion. 

This analysis postulates that the observatory design was susceptible to creep more so than a CSB 

design. This will be illustrated via an example that considers roughly the same cable design load 

as the observatory but apportions a greater live load percentage of the total cable load compared 

with the observatory. In many CSB designs, live load tends to be a sizeable portion of the 

(LL+DL), for example, in reference 22 an LL/DL ratio of 0.45 was used in the analysis of the 

bridge design, while an LL/DL of 0.67 was used in reference 24. 

Adapting the dead load ratio for the sake of example, consider a hypothetical socket design 

application where the dead load and pretension cable load is 350 kips, live loads are 150 kips, 

and the survival loads due to wind are 170 kips. The only sustained loading is the dead load and 

pre-tension of the cable. Based on the socket joint finite element model, this results in an outer 

wire stress level of 175 ksi, which is near the yield strength of the individual wires without 

significant yielding observed. Creep due to sustained loading at this level will result in a lower 

creep rate than in the Arecibo Observatory application and leave more capability in the wires to 

accommodate other time-dependent effects (e.g., creep). In this example, the design load 

combination per T5 is still 620 kips, similar to the Arecibo Observatory application. 
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7.4.6 Cable Nonlinearity  

Cables exhibit both geometric and material nonlinearities during operation. Cables are 

inelastically prestretched until individual wires settle into their final positions at a high 

percentage of their minimum breaking strength, which allows them to behave more predictably. 

Gossen [ref. 25], an expert in cable design, discusses the incongruency of how factors of safety 

are used in conjunction with the working stress design (WSD), where the stress, force, and 

deformation behaviors are assumed to be linear even though the behavior of the cable is 

nonlinear. Gossen reports that the factor of safety is intended to account for accidental overloads, 

material variability, and fabrication imperfections. Note: the intent of what the factor of safety 

provides coverage against is not consistent across industries, and the aerospace community 

assigns coverage to different topics. The argument made by Gossen is that due to the nonlinear 

nature of the cable, the structural margins remaining against overload can vary significantly and 

remain indeterminate unless the structure is analyzed beyond nominal conditions. In most 

standards, the loads effects are superimposed with varying amplification factors, but this is not 

applicable for nonlinear cables.  

To illustrate this point, an independent finite element model of the socket joint was developed to 

understand the relationship between stress and the load applied for two zinc material models. 

The rated breaking strength of the cable is 1,314 kips, so at half the breaking strength a linear 

stress response of the wire is expected. However, due to the complexity in the geometry and the 

nonlinear behavior of the zinc and the wires, the outer wire stress approaches the ultimate 

strength at half the cable breaking strength and exhibits a nonlinear response at one-fourth of the 

breaking strength of the cable, as shown in Figure 7.4.6-1. The model illustrates a nonlinear 

scaling of outer wire stress to load applied.  

 
Figure 7.4.6-1. Stress Response in Wire is Nonlinear with Increasing Applied Tension Load 

The finite element results confirm the thesis by Gossen [ref. 25] that “the ultimate load approach 

may result in individual cables stressed beyond their accepted level under service loads, while 

still satisfying the ultimate load design requirements. It is apparent that the analysis and design of 

F-32. Socket joints in the Arecibo Observatory application were subjected to a relatively 

higher percentage of sustained cable load versus total load compared with a survey of 

bridge designs, increasing susceptibility to creep. 
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these structures can be much more laborious than what is common in the design and analysis of 

conventional structures.” 

7.4.7 Design Factors of Safety 

ASCE 19-10 [ref. 21] requires a minimum design factor of safety of 2.2 for steel cables. WJE 

[ref. 1] conducted a survey of the factors of safety required by other standards and stated: 

AASHTO [American Association of State Highway and Transportation Officials] 

Movable Bridge Specifications provides for cable factors of safety of between 4 and 

8 depending on the function of the cable, while the U.S. Department of the Interior 

Bureau of Reclamation suggested a factor of safety of 5 for hoisting ropes due to 

the expected application of frequent dynamic loads and possible abrasion during 

normal service applications. 

The Crosby Group design manual for socket designs indicates a factor of safety ranging between 

3 and 5 depending on the specific application [refs. 26-28]. 

Returning to the finite element model of the Aux M4N socket, one-fifth of the rated breaking 

strength of the cable is 262 kips, and the outer wire stress at this load is well below the yield 

strength of the wire. The nonlinearity in the stress response at this cable load is associated with 

the zinc behavior and is unrelated to material plasticity. At one-third of the rated cable breaking 

strength, the outer wire stress exhibits mild yielding. This further supports the use of a factor of 

safety higher than the 1.83 used for this application. 

In typical design, dead loads are much more certain and predictable than live loads. In the 

observatory application, the source for most of the cable load was from dead loads. Live loads 

from operation and thermal transients were a small percentage of the total cable load. Apart from 

live loads, extreme environments (e.g., winds and earthquake loads) contribute to the total cable 

load and had to be considered in the observatory’s cable upgrade designs. 

Wire stress does not scale linearly with increasing cable load, so applying standard factors of 

safety to cable designs results in uncertainty on whether the cable is structurally robust. The 

complexity in this evaluation is compounded by the known socket-to-socket fabrication 

variability. 

Design standards and literature point to the importance of designing in structural redundancy 

when employing stayed-cable socket designs. It is recognized, however, that the level of 

redundancy to which Arecibo was intentionally designed is unknown, and it is possible that the 

observatory was never meant to be redundantly designed in the first place. Nevertheless, a study 

of bridges found that a factor of safety of 2.5 can yield sufficient redundancy in CSBs. The 

observatory application used a value of 1.83 against maximum cable load, but as soon as one 

socket failure occurred, other cables eventually failed. The collapse of the structure indicates the 

lack of structural redundancy and is consistent with the use of a lower factor of safety. 

The 1.83 factor of safety in the observatory application is below cable factor of safety 

recommendations in the AASHTO Movable Bridge Specifications [ref. 29], The Crosby Group 

design manual [ref. 26], and various ASME standards. If the recommended higher factors had 

been used in the observatory cable designs, then the outer wires stress would have been below 

the yield strength of the material and would have been more likely to accommodate creep, 

fatigue, and corrosion failure mechanisms. 
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Finally, the dead loads in the Arecibo application were a significant percentage of the total cable 

load compared with CSBs, where live loads can be a larger percentage of the total cable load. 

For the same cable load, the observatory application has higher sustained load over 25 years 

compared with a bridge design, resulting in higher creep rates and leaving no structural margin 

for cyclic loading from hurricanes and earthquakes. Further, the observatory application has 

lower structural margins to ASCE 19-10 [ref. 21] compared with a generic bridge design. 

 

7.5 Root Cause Analysis and Failure Progression 

As discussed in Section 6.3, the NASA and The Aerospace Corporation teams developed a best-

effort systematic fishbone and evaluated supporting and refuting evidence for each potential 

causal factor of the Auxiliary M4N cable. Assessments for each potential factor, considering all 

available evidence, are presented in this section under these categories: (1) design, (2) loads and 

environments, (3) build variability, (4) maintenance, (5) environmental assisted degradation, and 

(6) failure mechanisms. The joint investigative team developed a most probable root cause 

scenario within practical limitations using available data taken from NASA/Aerospace 

independent testing/analysis, referenced data from the WJE investigation, and other external 

referenced sources. 

7.5.1 Design 

Insufficient Design Criteria 

Finite element analyses predict significant yielding of outer wires and negative structural 

margins at the maximum predicted cable loads, as discussed in Section 7.3. The effective design 

factor of safety was calculated as 1.83, which is lower than typical industry standards (see 

Section 7.4). The low factor of safety reduced tolerance to time-dependent degradation 

mechanisms. Furthermore, analysis considering a hypothetical 3.0 factor of safety predicted no 

wire yielding and produced limited zinc yielding. Therefore, insufficient design criteria was 

identified as significant contributor to the failure event. 

Material Incompatibility 

While some corrosion protective measures were put in service during the life of the socket (e.g., 

a mastic coating on the casting cap), these measures were put in place after corrosion had begun 

and were not adequately maintained to provide continued corrosion protection over the life of the 

socket. This resulted in pervasive quantities of corrosion product, particularly zinc oxide, 

throughout the socket along various identified moisture pathways. Where steel and zinc were 

present, heavy amounts of zinc oxide were present with trace amounts of iron oxide. This 

imbalance in corrosion product is largely due to the cathodic protection of the steel created by 

the zinc acting as a sacrificial anode in the galvanic corrosion process. Stress analysis found that 

the corrosion of the zinc casting was largely inconsequential to the strength of the joint. The 

galvanic protection of the steel likely aided in allowing the wires to realize their ultimate strength 

in spite of the amount of time exposed to a corrosive environment. The conclusions on corrosion 

are discussed in Section 7.5.5, but in general, corrosion was assessed as a low contributor to the 

overall failure of events based on extensive finite element analyses. 

F-33. The Arecibo Observatory had an effective design factor of safety of ≤1.83, which is 

significantly less than the minimum suggested by literature (i.e., >2.1) to ensure 

structural redundancy in the event of cable failure. 
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Wire mechanical properties met specification. Measured zinc mechanical properties varied 

significantly, although some of this can be attributed to size effects of the samples excised from 

the socket; however, there was a large amount of zinc grain anisotropy that, although expected 

due to the casting process, can create significant variability in mechanical properties based on 

grain size and orientation. Finite element analysis predicted negative margins of the outer wires 

regardless of the zinc material properties. In conclusion, material incompatibility was assessed as 

a low contributor to the progression of failure events.  

Insufficient Acceptance Criteria 

While the drawing did not specify acceptance criteria or characteristics for brooming, 

NASA/Aerospace reconstruction of the brooming was reviewed by “socket joint experts” and 

found to be in-family to their experience base. NDEs were not performed prior to entering the 

socket joint in service, but forensic examination of the failed socket showed dimensions to be 

within specifications and without notable defects (e.g., voids/cracks) that appreciably affected 

wire stresses based on finite element analysis. Methods for socket joint construction are well-

established in industry, and gross build defects are verified through proof test. However, the 

proof test is not intended to screen for time-dependent failure modes and was below 1.0 times 

limit load. Finally, it is noted that the socket joint survived 20+ years in service. 

7.5.2 Loads and Environments in Service 

Characterization of Nominal Loads 

“Nominal loads” refers to overall observatory receiver mass, total dead load, nominal winds, 

temperature loads, and expected environments except hurricanes and earthquakes. Strain-gage 

and load cell data collected over a multi-day window demonstrated that typical wind and 

temperature fluctuations produced small cable loads in comparison with the sustained loads from 

dead weight of the various Arecibo radio telescope structures. 

Full observatory system loads models were employed by multiple design firms (WSP, TT) to 

establish quasi-static load distribution within the cable architecture. Cable loading distribution is 

sensitive to many factors including the local stiffness of the cable, position of the receiver and 

Gregorian Dome, tie-down tension, and environmental transients. Per WJE, an independent 

analysis of observatory load distribution demonstrated the possibility of higher tensile loads than 

shown on the original design drawing for the operational condition of the Aux M4N cable. Per 

WJE, analysis estimates of cable load through observatory lifetime based on cable sag survey 

data indicate the possibility for increasing tensile loads through time, indicating that the design 

did not differentiate between a beginning-of-life load and an end-of-life load. The higher loads 

predicted by WJE exceeded those specified in the drawing and resulted in a lower factor of 

safety (1.83) compared with the intended value for the design.  

Improper Characterization of Survival Loads 

Analysis of this factor focused on whether improperly characterized survival loads (e.g., 

earthquake, hurricane, extreme temperatures) caused the hardware to be used beyond its design 

capability. Analysis methods used to analyze survival conditions do not incorporate dynamic 

amplification, resonance, vortex shedding, etc. to establish the survival load requirement. 

Arecibo experienced several hurricane and earthquake events after which damage was identified 

in portions of the facility, including other cables, that required repair. The real structural 

response due to wind gusts or vortex shedding during transient environments is unknown and can 
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only be qualitatively assessed as a general contributor to the accumulation of damage. Per the 

discussion in Section 7.3.8, it is recognized that cyclic loading only accelerated the creep-

dominated failure mechanism. Environments such as hurricanes, earthquakes, and temperature 

fluctuations can increase creep, per the ASME interaction curve, and reduce the life of the socket 

joint. Further, the Aux M4N cable failure occurred on a day with benign wind/thermal 

environments and without operation of the observatory receiver. Due to the significant dead 

loads compared with transient loads in this design, improper characterization of survival loads 

was deemed a low but still notable factor in the failure event. 

Improper Moisture Characterization 

Failure analysis showed pervasive corrosion associated with moisture within the socket joint. 

Structural qualification of the cable was for a pristine configuration rather than being derated for 

decades of moisture exposure, corrosion, and weather events. Actions were taken over the 

service life to prevent observed water intrusion, indicating conditions were not adequately 

considered during the design process. Despite these observations, excised wire segments were 

found to be in-family with nominal strengths. The conclusions on corrosion found within the 

zinc are further discussed in Section 7.5.5, but in general, corrosion was assessed as a low 

contributor to the overall failure of events based on extensive finite element analyses. 

7.5.3 Build Variability 

Wires 

Independent mechanical testing of excised/recovered wire material from the Aux M4N socket 

shows conformance in both dimensions and mechanical properties (see Section 7.2). Failure 

analysis of the socket verified that the cross section met drawing and had the correct number of 

wires. Two wires had surface defects that likely contributed to wire fractures. The negative 

structural margins in the outer wires likely deteriorated further by the surface defects, as these act 

as stress risers. 

Socket Outer Casing 

No cracks were identified from dry powder magnetic particle examination of the socket's outer 

cone. Finite element analysis shows large structural margins for the outer casing, and robustness 

to any out-of-tolerance conditions. Dimensions of the socket cone were measured during failure 

analysis to be within drawing dimensions. Socket joint metrology measurements differed by up 

to about 0.25 inch based on NASA KSC metrology measurements of the socket and pin 

dimensions. The variability in final dimensions is expected due to the nature and precision in the 

casting process. Variability was considered acceptable based on structural analysis 

demonstrating robust structural margins of the steel casting.  

Wire Brooming 

Finite element analysis showed that decreasing brooming quality leads to increased creep rates 

and, consequently, higher outer wire strains. Relatively poorly broomed sockets are predicted to 

distribute loads unequally into the critical outer wires, decreasing the overall capability of the 

design. Therefore, fabrication variability of wire brooming may affect wire stress. 

The Aerospace Corporation and NASA KSC reconstructed the geometric distribution of the 

wires within the socket (i.e., wire brooming). It is recognized that non-uniform wire brooming is 

an inherent characteristic of these socket joints as it is a manual operation, not controlled in 
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uniformity by drawing, and is primarily verified for build quality through inspection prior to 

spelter pour and proof testing, which the Aux M4N socket successfully passed prior to 

installation. Discussion with industry experts indicates that wire brooming is not out of 

family/atypical with experience and that the likelihood of significantly poor 

fabrication/brooming propagating through the build/proof/inspection process to in-service is 

highly unlikely. Interviewed experts were unaware of any process escapes in industry where a 

socket of this type passed proof test but subsequently failed due to poor build/brooming quality. 

Zinc Spelter 

Zinc spelter was destructively examined to evaluate both dimensions and material properties of 

the zinc and wire. Dimensions conformed to the drawing (see Section 7.2). Results confirm the 

presence of gas bubbles, intermittent porosity, large regions in the back of the socket that are 

uncharacteristic of castings, cracks throughout the bulk zinc, and inhomogenous anisotropic 

grain structure determined through microscopy, grain study, and mechanical testing. Finite 

element modeling evaluated the potential effects of varying zinc mechanical properties and gas 

bubbles/voids on the observed failure progression; these analyses indicated high wire stresses 

regardless of zinc properties. The analysis specifically predicted insensitivity of wire stress to the 

presence of gas bubbles.  

Poor Wire-Zinc Bond Strength 

Fifty-six of the 126 wires fractured in the socket. The other 70 wires did not fracture; the zinc 

failed before these wires, coming free from the socket attached to most of these wires and the 

cable-end of the failed wires in a cable/zinc slug. Although 70 wires did not fracture, up to two 

outer ring wires could have pulled free of the socket joint individually due to inadequate 

wire/zinc bond strength. Of the wires that fractured within the socket and were mechanically 

removed, some exhibited zinc oxide corrosion product along their wire surfaces down to the wire 

fracture location, while others exhibited no corrosion with good zinc/metal adhesion along their 

wire surfaces near the wire fracture location. This led to the conclusion that the wire-zinc bond 

strength was not a factor amongst the wire failures and likely not the reason those two wires 

were found separated from the cable/zinc slug. 

7.5.4 Inspections 

Inspection limitations prevent the ability to characterize defects within the zinc casting of a 

particular build, thus preventing the qualification test from accounting for worst-case build 

conditions without some other destructive process of determining expected variability. Further, 

inspection criteria during the life of the socket joint were not traceable to the qualification 

program, despite easily observable and measurable zinc extrusion at the socket joint base. 

Finally, the qualification test target load did not explicitly consider stress levels of the constituent 

components within the socket joint but rather was based on a generic, load-based design 

criterion. 

In-service inspections conducted over the socket life shows evidence of zinc extrusion and 

moisture intrusion/corrosion. Records and socket failure analysis show that corrosion mitigations 

were employed, and that the zinc extrusion showed evidence of progression between 2003 

(0.5 inch) and 2019 (1 3/8 inches). Although no pass/fail criteria were known to exist, AASHTO 

M277-06 states that seating extrusion should be less than one-sixth of the cable diameter, or 

 <0.6 inch for the Aux M4N. The inspection process did not couple the qualification/design 
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process to a pass/fail criterion to trigger a replacement. Data were not provided to explain the 

decision process after the 2019 photos were taken.  

7.5.5 Environmental Assisted Degradation 

No evidence of stress corrosion cracking was found during metallurgical studies using visual and 

SEM inspections. The majority of the wires exhibited a cup-cone ductile failure mode 

demonstrating that the wires were able to realize their ultimate tensile strengths. 

Hydrogen-assisted Cracking HAC 

HAC is caused by diffused hydrogen accumulating at stress concentrations and further 

decreasing strength capacity of the wires, and can lead to wire cracking. Forensic analysis 

identified three failed wires within the socket that contained evidence of progressive failure, 

likely HAC. One wire had a surface defect at the crack initiation site where the fracture surface 

exhibited characteristics of HAC. HAC can accelerate failure of a wire, especially when subject 

to sustained loading with negative structural margins over the entire service life. 

Corrosion 

The presence of zinc and steel in a humid environment enabled corrosion mechanisms 

throughout the socket, including accelerated corrosion of the zinc due to galvanic coupling with 

adjacent steel. This was evidenced by significant formation of zinc oxide coincident with 

conduits for moisture intrusion, as well as heavy accumulations of zinc oxide and sometimes 

trace accumulations of iron oxide along these conduits where both zinc and steel were present. 

The moisture was able to penetrate into the zinc casting through various pathways identified in 

and around the zinc casting cap, through wires protruding the zinc casting outer diameter, and 

then along cracks in the zinc, wire surfaces, and casting defects present within the zinc casting, 

leading to a pervasive amount of corrosion evidence. The corrosion, while pervasive, was mostly 

limited to the upper two-thirds of the socket, nearest the casting cap. Of the wires that fractured 

within the socket and were mechanically removed, some exhibited zinc oxide corrosion product 

along their wire surfaces down to the wire fracture location, while others exhibited no corrosion, 

with good zinc/metal adhesion along their wire surfaces near the wire fracture location. Because 

of this, the forensic evaluation concluded that corrosion played a minimal role in the ultimate 

failure of the socket. 

A finite element study indicated minimal effects on the wire stresses based on a sensitivity study 

of varying conditions between the socket housing and the zinc. The large compression zone that 

develops at this interface causes a small sensitivity of the surface conditions on the wire stresses. 

Analysis extensively evaluated voids within the casting and defects near the casting cap side of 

the socket and found negligible effects on the maximum predicted wire stress located toward the 

socket base. This finding was used to assess that corroded wires protruding from the zinc outer 

diameter were not a factor to the overall progression of failure. Finally, while corrosion was 

found throughout the zinc, analysis showed a larger role of wire negative margins at operational 

loads and sustained loading due to dead loads, compared with the corrosion in the zinc.  
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7.5.6 Failure Mechanisms 

Strength 

Of the 56 wires that failed, five were observed to have surface defects running along their 

lengths. Two of those defects likely influenced the fracture, and one was an initiation site for a 

progressive failure, probably HAC, on an outer ring wire. The shear and HAC fractured wires 

exhibited little to no necking. Necking is attributed to ductile failure where the wire is given 

enough time to yield, as is typically seen in the cup-cone failures. The outer ring wires that failed 

typically had less necking than the inner ring wires that failed. 

Examination of the exposed wire channel lengths in the back of the socket showed that the inner 

ring wires displaced more than the outer ring wires. This was due to the progression of failure, 

starting with the outer ring wires and moving to inner ring wires as wires continued to fail, and 

possibly due to the brittle fracture region tearing open. Visual observation of the pulled-out cable 

section and the socket internal cavity showed a skew in the failed core versus the socket 

centerline. This skew reflects the progression of failure as wire loads were redistributed to the 

remaining wires, likely starting with an outer ring wire on one side of the socket and progressing 

to more adjacent inner ring wires, while at the same time progressing around the perimeter to 

more heavily stressed outer ring wires. 

In summary, (1) failure in the outer wires occurred prior to total cable collapse, (2) the outer 

wires were critical in maintaining function of the socket joint, and (3) outer wires were highly 

stressed with minimal structural margins of safety at nominal observatory.  

Cumulative Damage 

The forensic investigation of the examined failed wire surfaces (see Section 7.2) found no 

evidence of fatigue striations (fatigue crack propagation), beach marks (macroscopic 

appearances), or pearlitic steel fracture surfaces that resemble fatigue fracture even without 

beach marks or striations. Fatigue striations are correlated to crack advancement per loading 

cycle, while macroscopic beach marks generally represent some changes in the fatigue loading 

conditions. The only wire fracture forensic evidence that may be attributable to cyclic loading 

were the HAC wire fractures, and all of those were mixed-mode, indicating that any cyclical 

contribution was only a partial contributor. Additionally, forensic inspection found no evidence 

of fatigue within the zinc, but minor additional contributions of cyclic loading damage may not 

be discernable from the overall contributions of damage within the zinc casting due to sustained 

loading. Finite element analysis could not rule out the potential of accumulation of damage due 

to cyclic loading caused by transient events. However, the contributions of the cyclic damage 

were assessed to be small compared with the accumulation of damage from sustained loads from 

dead loads. Forensic analysis showed clear evidence of creep within the zinc. Analysis of the 

loads also supports a higher percentage of dead loads compared with transient loads. Finite 

element analysis predicted high stresses within the zinc caused by sustained loading, and as the 

zinc creeped the outer wire stresses were predicted to increase. The negative structural margins 

further deteriorated over time due to the creep setting within the zinc, until wire failure occurred. 
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7.6 Failure Progression 

• Design criteria had a 1.83 factor of safety on rated breaking strength without consideration 

for constituent stress margins. Loads predictions reviewed after the failure indicate up to 15% 

higher than design criteria, and < 2.0 factor or safety. Additionally, the sustained dead load 

versus total load is significantly higher than for typical open socket terminations in bridges, 

hoists, etc. (F-23, F-25, F-26, F-28, F-29, F-30) 

• Design verification lacked specific testing of creep, cyclic loading, and worst-case 

workmanship conditions. Credible failures modes were unqualified in the Arecibo 

Observatory application. Note: A robust qualification program also establishes inspection 

techniques, inspection success criteria, and repair actions needed for specific service life 

definitions and inspection intervals. (F-3, F-18, F-19, F-28 F-29, F-32, F-33) 

• As the casting cooled and solidified, shrinkage occurred between the casting cap and the 

socket cone inner diameter, leaving a gap along the sides of the zinc casting nearest the 

casting cap. Additionally, eight wire ends were found to touch the socket cone inner 

diameter, which provided a pathway for moisture intrusion. (F-15, F-16, F-20, F-21) 

• During the zinc spelter fabrication process and subsequent proof testing, wires reached their 

full loading capacity as zinc flowed to develop the confining pressure, which resulted in less 

than 0.5 inch of zinc seating extrusion from the socket base. (F-1, F-2) 

• Finite element modeling predicts local yielding of outer wires adjacent to the socket base 

during pre-stretching events and possible repeated yielding during operation depending on 

observatory use and survival events. Additionally, failure analysis shows a progressive 

failure starting with outer wire failure, consistent with predictions on lowest margin wires. 

(F-13, F-25, F-28) 

• Analysis indicates that zinc flow primarily due to creep caused stress redistribution to the 

outer wires, further decreasing their capability. An increase in outer wire stresses was shown 

when replicating a high creep condition versus a condition with no creep. At ambient 

temperature, the high shear stress and strain rate caused the zinc to creep, which was further 

confirmed by metallography. (F-19, F-29, F-32) 

• Periodic inspections found progressive zinc extrusion in several sockets before the Aux M4N 

failure, in 2003 and 2019, increasing from 0.5 to 1 3/8 inches. Although no pass/fail criteria 

existed, AASHTO M277-06 [ref. 29] states that seating extrusion should be less than one-

sixth of the cable diameter, or less than 0.6 inch for the Aux M4N. Interviewed industry 

experts also confirmed that extrusion of 1 3/8 inches is evidence of likely socket damage.  

(F-1, F-2) 

• Significant transient loading events, including hurricanes and earthquakes, damaged portions 

of the observatory over its life and may have contributed to cumulative damage through 

cyclic loading. (F-29) 

• Wire build defects and probable HAC were found on a few wires and were possible 

contributors to the initial failed wires. Over time, a few outer wires fractured due to local 

overload, causing load transfer to adjacent wires (e.g., circumferentially and radially). 

Progressive failure analysis simulating wires fractures shows that if a few outer wires fail, 

adjacent wires are subjected to ~5% increase in stress. (F-11, F-12, F-13, F-27, F-28) 
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• Wires progressively fractured circumferentially and radially through the cross section. 

Progressive failure analysis simulating wire fractures indicates circumferential fractures first, 

followed by fractures of the adjacent inner ring of wires. The stresses increased significantly 

in the adjacent wires. (F-12, F-13, F-27, F-28) 

• As wire fractures moved inward or adjacent to the first fractures, the fracture failure mode 

changed. Due to zinc confining pressure, inner wires had more elongation capability 

compared with outer wires and exhibited ductile cup-cone fracture behavior. The confining 

pressure, as predicted by the analysis, acted on the inner core wires. Compression increases 

wire ductility, also confirmed by forensic evidence showing primarily cup-cone failures.  

(F-12, F-13) 

• After approximately half of the wires failed, there was insufficient confining pressure and 

ability of the zinc to sustain increasing shear. The socket-level failure exchanged to zinc 

“core” overload. Significant zinc plastic strains then developed and transferred load internal 

to the socket. Finally, the zinc core with unfractured wires pulled out, resulting in cable 

failure. (F-16) 

7.7 Summary of Findings 

The NASA/Aerospace team concludes that the most probable cause of the Aux M4N cable 

failure was a socket joint design with insufficient design criteria that did not explicitly consider 

socket constituent stress margins or time-dependent damage mechanisms. The socket attachment 

design was found to have an initially low structural margin, notably in the outer socket wires, 

which degraded primarily due to long-term zinc creep effects that were activated by long-term 

sustained loading and exacerbated by cyclic loading. Additionally, wire defects and probable 

HAC were found in a few wires that may also have contributed to initial wire failures. 

 

The design did not explicitly consider the time-dependent effects of creep and cyclic loading on 

design capability, nor did it explicitly set service life inspection intervals with pass/fail 

inspection criteria. It also did not specify an end-of-life capability requirement associated with 

service life degradation. Verification did not account for a worst-case build condition that was 

traceable to in-service inspection of features (e.g., zinc creep/extrusion). In-service inspections 

showed evidence of progressive zinc extrusion on several Arecibo sockets, which in hindsight 

was evidence of cumulative damage and in effect a missed opportunity to prevent cable failure. 

 

A combination of low socket design margin and high percentage of sustained loading revealed an 

unexpected vulnerability to zinc creep and environments, and to long-term cumulative damage, 

which led to progressive zinc/wire failure. The resulting core-pullout failure mode that preceded 

observatory collapse was found to be (1) unique compared with other industry applications,  

(2) insufficiently addressed within existing standards, and (3) a potential risk for similar designs 

and, therefore, should be characterized and mitigated. The effective design factor of safety was 

significantly less than the minimum necessary to ensure structural redundancy in the event of a 

cable failure. After the Aux M4N failure and before the main cable failure, additional loads 

F-34. The Aux M4N design had insufficient design criteria and a low structural margin, 

which were insufficient to accommodate time-dependent damage mechanisms. 

F-35. The Aux M4N socket joint design did not explicitly consider time-dependent 

mechanisms for the Arecibo application to establish an end-of-life capability. 
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analyses incorrectly asserted acceptable positive margin of the remaining structure despite no 

understanding of why a cable had failed at half the rated breaking strength.  

 

 

8.0 Findings, Observations, and NESC Recommendations 

8.1 Findings 

The following findings were identified for the Aux M4N socket: 

F-1. The Aux M4N socket build process and original construction was typical of zinc spelter 

open-socket terminations. 

F-2. Zinc extrusion of Aux M4N socket as documented in 2019 indicated an unquantified 

degree of damage and a nonconformance. 

F-3. Creep behavior of the zinc spelter socket termination constituents (zinc or broomed 

wires) is not a failure mode typically evaluated for these sockets. 

F-4. Socket housing dimensions were within wire rope catalog specifications. 

F-5. The Aux M4N cable met drawing requirements for a 3.25-inch diameter cable (see 

Appendix D). 

F-6. The Aux M4N cable end section and socket cavity are skewed compared with the 

socket's longitudinal centerline axis. 

F-7. Gas bubbles located above wire ends were trapped during the solidification process. 

F-8. Smaller-sized porosity inherent to the casting process was found intermittently 

throughout the bulk zinc. 

F-9. Fifty-six of 126 wires fractured in the socket. 

F-10. Seventy of the 126 wires did not fracture; the zinc failed before the remaining wires 

failed. 

F-11. Wire surface defects were found on five fractured wires. Defects on two wires likely 

influenced the fracture, one of which was an initiation site for probable HAC. 

F-12. Forty-four of the 56 wire fracture morphologies were cup-cone fractures, nine were shear 

fractures primarily from the outer ring, and the remaining three were mixed-mode 

fractures, which included a progressive failure mechanism believed to be HAC (one cup-

cone/HAC and two shear/HAC). 

F-13. Outer ring wires typically had less necking than inner ring wires and are expected to have 

failed first. 

F-36. Low socket design margin and atypical operating conditions revealed an unexpected 

vulnerability to zinc creep and to long-term cumulative damage, which led to 

progressive zinc/wire failure of the socket. 

F-37. The effective design factor of safety was significantly less than the minimum 

suggested by literature and was insufficient to ensure structural redundancy in the 

event of a cable failure. 
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F-14. Excluding the HAC fractures, none of the wires examined by microscopy and SEM 

exhibited fatigue fracture. 

F-15. Wire imprint region of the zinc in the back of the socket cavity is heavily corroded and 

poorly bonded to the wire ends. 

F-16. The brittle fracture region of the zinc in the back of the socket cavity is corroded, with 

faceted surfaces that expose the elongated portion of the grains (i.e., cleavage fracture), 

and the ends of the grains have lifted up (i.e., a peeling failure). 

F-17. Zinc casting was composed of elongated grains, with significant variation in both grain 

size and length. 

F-18. Metallography shows no evidence of fatigue cracking within the zinc, but minor 

additional contributions of cyclic loading damage may not be discernable from the 

overall contributions of sustained loading damage, as both would manifest themselves in 

deformation mechanisms (e.g., twinning and slip bands) present within the zinc. 

F-19. The zinc nearest the base, adjacent to the cable/zinc boundary, was determined to be in 

the late secondary or tertiary stage of creep. 

• Zinc creep becomes a design consideration when its homologous temperature exceeds 

40%, which is the case for zinc at room temperature. 

• Grains near the cable/zinc boundary are fully recrystallized and have grain boundaries 

that are generally oriented 45° to the stress direction. 

• Cracks appear predominantly intergranular, which is typically associated with creep 

rupture at high temperatures and low speeds of deformation. 

F-20. Significant corrosion was found in the upper two-thirds region between the socket 

housing and the zinc casting outer diameter, while negligible corrosion was found in the 

lower third. 

F-21. Moisture intrusion, which led to zinc/wire corrosion, followed a path that included a gap 

between the inner socket wall and the zinc casting, wire protrusions from the zinc, cracks 

in the bulk zinc, and the wire surfaces of individual wires. 

F-22. Evidence shows corrosion generally had a minimal effect on wire-zinc bond strength. 

F-23. Wire mechanical properties meet ASTM specification. 

F-24. Zinc mechanical properties in the Aux M4N spelter have significant variability as a 

function of grain size and directionality. 

F-25. Observatory dead load resulted in sustained cable tensions within 20% of the maximum 

expected cable tension. 

F-26. Finite element modeling predictions quantitatively agree with rated/measured wire 

breaking strength. 

F-27. Finite element modeling predictions were qualitatively in agreement with the NASA 

forensic analysis: 

• Maximum wire stresses predicted followed the stepped pattern observed in the 

forensic analysis. 
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• Outer wires were predicted to fail in a shear failure. 

• Inner wires were predicted to fail in a cup-cone failure mode due to the compression 

effects of the zinc on the wires. 

F-28. For a large range of realistic zinc material properties, all models predict that outer wire 

stresses are near ultimate strength of individual wires, even at operational observatory 

loads, demonstrating low or even negative margins of safety for the M4N socket. 

F-29. The socket design had low wire structural margins and a large percentage of sustained 

loading, which made the design susceptible to a creep-dominated failure, likely 

accelerated by fluctuating cable loads. 

F-30. Decreasing brooming quality results in increasing stresses in the outer-row wire and 

reduces margin for designs operating near their strength capacity. 

F-31. Analysis predicts that stresses in the zinc and wires are not affected by the zinc voids 

identified in the forensic examination of the Aux M4N socket. 

F-32. Socket joints in the Arecibo Observatory application were subjected to a relatively higher 

percentage of sustained cable load versus total load compared with a survey of bridge 

designs, increasing susceptibility to creep. 

F-33. The Arecibo Observatory had an effective design factor of safety of ≤1.83, which is 

significantly less than the minimum suggested by literature (i.e., >2.1) to ensure structural 

redundancy in the event of cable failure. 

F-34. The Aux M4N design had insufficient design criteria and a low structural margin, which 

were insufficient to accommodate time-dependent damage mechanisms. 

F-35. The Aux M4N socket joint design did not explicitly consider time-dependent 

mechanisms for the Arecibo application to establish an end-of-life capability. 

F-36. Low socket design margin and atypical operating conditions revealed an unexpected 

vulnerability to zinc creep and to long-term cumulative damage, which led to progressive 

zinc/wire failure of the socket. 

F-37. The effective design factor of safety was significantly less than the minimum suggested 

by literature and was insufficient to ensure structural redundancy in the event of a cable 

failure. 

8.2 Observations 

The following observations were identified: 

O-1. NASA’s investigation would have been more efficient with improved coordination 

between engineering firms overseen by the NSF. Additional data and hardware were 

available to the NSF and were requested by this team but were not made available.  

O-2. After the Aux M4N failure and before the main cable failure, loads analysis was 

performed that incorrectly asserted acceptable positive margin of the remaining structure 

despite no explanation for why a cable had failed at half its rated breaking strength. 
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8.3 NESC Recommendations 

The following NESC recommendations were identified and are directed toward the NSF: 

R-1. The NSF should section and examine additional Arecibo sockets, including auxiliary 

sockets and backstays, to understand whether the Aux M4N had unique features versus 

other sockets and to understand why backstays had zinc extrusion but did not fail. This 

will increase the understanding of progressive failure mechanisms in sockets similar to 

Aux M4N and inform guidance on best practices for spelter socket design and usage.  

(F-1, F-2, F-3, O-1) 

9.0 Alternative Viewpoint(s) 

There were no alternative viewpoints identified during the course of this assessment by the 

NESC team or the NRB quorum. 

10.0 Other Deliverables 

Failure analysis, materials testing, and finite element modeling results generated during this 

investigation were provided to WJE. 

11.0 Lessons Learned  

No lessons learned were identified during the course of this assessment. 

12.0 Recommendations for NASA Standards and Specifications 

No recommendations for NASA standards and specifications were identified as a result of this 

assessment. 

13.0 Definition of Terms  

Aux M4N The north-side auxiliary cable on Tower 4 that failed on  

August 10, 2020. 

Brooming The act of or end state due to unraveling and straightening out of the 

end section of a cable that interfaces with the zinc spelter inside the 

socket. 

Cable A construction of wire strands, twisted helically around a core to form 

a tension member of a symmetrical cross section. 

Casting Cap Additional protective casting on the open side of a socket termination. 

Corrective Actions Changes to design processes, work instructions, workmanship 

practices, training, inspections, tests, procedures, specifications, 

drawings, tools, equipment, facilities, resources, or material that 

result in preventing, minimizing, or limiting the potential for 

recurrence of a problem. 

Design Factor The ratio between the limit load (maximum load during service) and 

break strength. 
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Failure Analysis Analytical investigation in pursuit of identifying the cause of failure 

and determining corrective action to avoid similar failures. 

Finding A relevant factual conclusion and/or issue that is within the 

assessment scope and that the team has rigorously based on data from 

their independent analyses, tests, inspections, and/or reviews of 

technical documentation. 

Forensic Analysis Analytical investigation of material evidence in pursuit of identifying 

why a material failed. 

Homologous Temperature The ratio of the absolute temperature of a metal to its melting point. 

Inner Wires Cable wires not located on the exterior ring of wires. The Aux M4N 

cable contained 90 inner wires positioned along five concentric rings 

of wires, containing 30, 24, 18, 12, and 6 wires moving progressively 

toward the center. Each successive ring of wires was helically wound 

opposite its surrounding concentric rings. 

Lessons Learned Knowledge, understanding, or conclusive insight gained by 

experience that may benefit other current or future NASA programs 

and projects. The experience may be positive, as in a successful test 

or mission, or negative, as in a mishap or failure. 

Observation A noteworthy fact, issue, and/or risk, which may not be directly 

within the assessment scope, but could generate a separate issue or 

concern if not addressed. Alternatively, an observation can be a 

positive acknowledgement of a 

Center/Program/Project/Organization’s operational structure, tools, 

and/or support provided. 

Outer Wires Cable wires located on the exterior ring of wires. The Aux M4N cable 

contained 36 outer wires helically wound around all the other wires to 

form the exterior ring of wires. 

Problem The subject of the independent technical assessment. 

Proximate Cause  The event(s) that occurred, including any condition(s) that existed 

immediately before the undesired outcome, directly resulted in its 

occurrence and, if eliminated or modified, would have prevented the 

undesired outcome. 

Rated Breaking Strength Maximum amount of tensile stress that a material can withstand 

before failure as specified by the manufacturer. The actual breaking 

strength is likely higher, and rated breaking strength tends to be a 

minimum value. 

Recommendation A proposed measurable stakeholder action directly supported by 

specific finding(s) and/or observation(s) that will correct or mitigate 

an identified issue or risk. 

Root Cause One of multiple factors (events, conditions, or organizational factors) 

that contributed to or created the proximate cause and subsequent 
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undesired outcome and, if eliminated or modified, would have 

prevented the undesired outcome. Typically, multiple root causes 

contribute to an undesired outcome. 

Seating  Wedging of the zinc cone along the entire inner wall of the socket 

basket by proof loading the socket to plastically deform the zinc cone 

along the socket wall. 

Seating Extrusion Plastic zinc flow outside the socket base during seating and proof 

testing. 

Socket Structural steel casting into which a cable terminates to provide load 

transfer and attachment into adjacent structures. 

Socket Base The narrow end of the socket from which the cable extends out from 

the socket joint. 

Structural Strand Type of cable construction most commonly used in structural 

applications that offers an economical combination of strength and 

stiffness in static structures. 

Supporting Narrative A paragraph, or section, in an NESC final report that provides the 

detailed explanation of a succinctly worded finding or observation. 

For example, the logical deduction that led to a finding or 

observation; descriptions of assumptions, exceptions, clarifications, 

and boundary conditions. 

Termination The end attach point of a cable (i.e., socket termination versus crimp 

termination). 

Wire Individual elements that make up the cable construction. 

Zinc Extrusion Plastic flow of zinc outside the socket base. 

Zinc Spelter Cast zinc material that occupies the volume between the structural 

strand wires and the socket internal faces to confine the wires and 

prevent the cable from pulling out of the socket. 

14.0 Acronyms and Nomenclature List 

°C  degrees Celsius 

°F  degrees Fahrenheit 

2D  Two-dimensional 

3D  Three-dimensional 

AASHTO American Association of State Highway and Transportation Officials 

ASCE  American Society of Civil Engineers 

ASME  American Society of Mechanical Engineers 

ASTM  American Society for Testing and Materials 

CSB  Cable-stayed Bridge 

DIC  Digital Image Correlation 

HAC  Hydrogen-assisted Cracking 

HCl  Hydrochloric 

kip  1000 pounds-force 
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KSC  Kennedy Space Center 

ksi  kilopounds per square inch 

lb  pound 

LIDAR Light Detection and Ranging 

LL/DL  Live Load to Dead Load 

M&P  Materials and Processes 

MCV  Microvoid Coalescence 

mm  millimeter 

mph  miles per hour 

MSFC  Marshall Space Flight Center 

NAIC  National Astronomy and Ionospheric Center 

NDE  Nondestructive Evaluation 

NESC  NASA Engineering and Safety Center 

NSF  National Science Foundation 

SEM  Scanning Electron Microscopy 

SMD  Science Mission Directorate 

TDT  Technical Discipline Team 

TT  Thornton Tomasetti 

UCF  University of Central Florida 

WJE  Wiss, Janney, Elstner Associates, Inc. 

WSD  Working Stress Design 
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Appendix A. KSC Failure Analysis Report 
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Appendix B. MSFC Materials Characterization Testing 

B.1 Arecibo Failure Investigation Wire Tensile Testing, Work Order #2021-

0110, Sequence 4 
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B.2 Arecibo Failure Investigation Compression Testing, Work Order #2021-

0110, Sequence 5 
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B.3 Arecibo Failure Investigation Smooth Tensile Testing, Work Order 

#2021-0110, Sequence 6 
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B.4 Arecibo Failure Investigation Double Shear Testing, Work Order 

#2021-0110, Sequence 7 
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B.5 Arecibo Failure Investigation Socket Pull Testing, Work Order #2021-

0110, Sequence 8 
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B.6 Arecibo Failure Investigation Fracture Test, Work Order #2021-0110, 

Sequence 9 
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Appendix C. Structural Analysis of the Failed Arecibo Observatory 

Auxiliary Main Socket Joint 

Contributors: Vinay Goyal and Pavel Babuska 

Finite element analysis (FEA) of the Arecibo Observatory Auxiliary Main (M4N) Socket Joint 

design was leveraged to support the failure investigation of the M4N socket failure that 

proceeded and led to the eventual structural collapse of the entire facility. This section discusses 

the model construction, relevant inputs, general mechanics of the socket loading, sensitivity 

studies of varying material properties and dimensions, analysis of the as-built/as-failed socket 

condition, and assessment of potential contributors to the failure.  

C.1 Description of the Model 

A detailed three-dimensional (3D) model of the structural strand termination into the M4N 

socket was developed using Abaqus/CAE to investigate the individual wire, zinc, and steel 

socket mechanics and to support the failure investigation under observatory service loads. The 

detailed model served to complement an existing system analysis model used by Wiss, Janney, 

Elstner Associates, Inc. (WJE) to characterize loading in the structural strands, on the telescope 

receiver, and on the adjacent support hardware. Included in the detailed finite element model 

(FEM) were the following major components comprising the socket joint: the outer cast steel 

socket, the end of the structural strand including the broomed wires within the socket, and the 

cast zinc spelter that fills the socket volume and surrounds all the broomed wires. The purpose of 

this model was to develop a comprehensive understanding of the mechanics of failure of the joint 

and to understand the sensitivity of various parameters on the strength of the socket. Finally, the 

model was also used to evaluate specific metallurgical findings from the failure analysis and to 

support evaluation of failure scenarios. 

C.1.1 Finite Element Mesh 

Throughout the entire modeling effort, multiple models were constructed of varying fidelity and 

format to aid in the rapid trade study process. Wedge models (30-degree sections) with cyclic 

boundary conditions and full 360-degree models were created, each with varying levels of 

individual wire brooming. A separate model consisting of the as-built/as-failed wire brooming 

specific to M4N was also constructed to complement the generic wire brooming models. The 

reduced wedge models were used to enable dozens of sensitivity studies to understand the effects 

of various parameters including the degree of brooming, zinc material properties, and voids 

observed during metallurgic examinations. The findings from the wedge models were anchored 

to those observed in the full 360-degree models and the as-built configuration model. 

Model construction involved several complicated steps unique to which model was being 

developed. Creating the as-built configuration model was the most complicated. First, visual 

video evidence from various structural strand and wire rope manufacturers was reviewed to 

understand the brooming process and develop an idealized computer-assisted design (CAD) 

model of the broomed wires. Proper brooming at the root of the strand is critical to distributing 

the stresses effectively throughout the whole section. The structural strand used in the Arecibo 

design is denoted as a 1×127 format, or 127 individual wires in concentric rings that consist of 

the following number of wires per radial row from the center outward: 1 (center), 6, 12, 18, 24, 

30, and 36 (outer row). Each individual wire is 0.25 inch in diameter and forms the structural 
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strand that is 3.25 inches in total diameter. Multiple versions of an axisymmetric, “idealized” 

brooming configuration were created such that the wires in each radial row are equally spaced 

and travel the length of the socket uniformly. The different wedge model configurations varied in 

the level of brooming that each row of wires experienced. Having multiple levels of brooming 

helped examine the effects that brooming and workmanship play on the overall capability of the 

socket termination. 

Because the manufacturing process of structural strand socket terminations involves manual 

brooming and technician involvement, it is easily understood that each individual socket 

termination is unique. The as-failed M4N socket was recovered and sectioned at multiple stations 

down its length, with all remaining wires marked and denoted with a unique identifier. From this 

forensic examination, the data could be combined to form a best-effort 3D mapping of each 

individual wire within the socket volume. The process for constructing the as-built model 

involved mapping each of these wires, porting them into SolidWorks via macro, generated sweep 

profiles around the splined pathways, and exporting for meshing.  

The socket itself was easily constructed from the manufacturer drawings and was represented 

multiple ways. First it was modeled as its own elastic body, which showed that the socket’s 

elasticity played a minimal role in the overall mechanics of failure. Later, it was represented as a 

discrete rigid condition against which the zinc reacted. 

Finally, the zinc casting was modeled as the negative volume between the bundle of broomed 

wires and the socket geometry. In each case of brooming and for the as-built configuration, the 

conical zinc volume was created in SolidWorks and the wire volumes were hollowed out via the 

Cavity feature to generate the final geometry, which was then imported to FEA software for 

meshing. 

In all cases, the wires were straightforward to mesh, but the volume of zinc between them proved 

to be challenging due to the wire-to-wire proximities. All wedge models were able to be meshed 

with eight-noded linear brick elements (C3D8), while the as-built configuration had to use 

second-order tetrahedral elements (C3D10). The elements for the wires, zinc, and outer shell all 

passed element quality checks.  

The interfaces between the wires and the zinc were modeled one of two ways depending on the 

desired analytical study.  In select instances, the interfaces were considered rigidly connected 

(“tied” in Abaqus terminology) for convergence efficiency.  Otherwise, the interfaces were 

modeled with a nearly-infinite stiffness contact condition (“contact pair” in Abaqus terminology) 

to enable extraction interface shear and pressure stresses. Contact modeling with friction was 

also implemented between the zinc and the socket casing to allow for zinc “seating” within the 

socket. Material nonlinearity was included for the steel wires and the zinc spelter to predict the 

post-yield material response. Across all the various model configurations, the number of total 

degrees of freedom ranged between 1 and 5 million. Model solution times ranged between 20 

minutes and 7 hours when parallelized across 20 CPUs for a single load step. Examples of the 

idealized wire brooming, simplified socket model, and wedge model mesh density are shown in 

Figure C-1.  
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Figure C-1. Socket is Modeled as Simplified Version that does not Consider Clevis Pin and Holes 

C.1.2 Material and Strength Properties 

The baseline set of mechanical properties of the various constituents of the joint were as follows; 

however, some were altered further during the suite of trade studies performed: 

• Auxiliary Main Strand Wires (A586-91 Steel Cable) 

Elastic Modulus: 23 Msi to 29 Msi, Poisson’s Ratio: 0.29 

Yield Strength: 160 ksi (min spec), Ultimate Strength: >220 ksi (min spec) 

• Cast Steel Socket (A148 Grade 90-60 Cast Steel) 

Elastic Modulus: 27 Msi, Poisson’s Ratio: 0.29 

Yield Strength: ~70 ksi, Ultimate Strength: ~100 ksi 

• Commercially Pure Zinc Casting 

Elastic Modulus: 10 Msi to 14 Msi, Poisson’s Ratio: 0.25 

Yield Strength: 1 ksi to 8 ksi, Ultimate Strength: 5 ksi to 50 ksi 

Dozens of analyses were performed using varying material properties for the zinc casting and 

strand wires. While a significant body of material testing was performed on the zinc and steel 

constituents, the only information leveraged for the purpose of analytical model development 

were the tensile and compressive strength properties to estimate stress-strain curve material 

models using the Ramberg-Osgood method.  

True stress-strain curves were generated and incorporated into the models based on NASA 

testing of the steel wire and the zinc. Several different zinc material models were developed for 

use in sensitivity studies to determine socket termination capability based on the variability in 

material properties. These sensitivity studies were performed to mitigate concerns associated 

with uncertainty stemming from zinc material test data. Sensitivity studies were also performed 

to investigate variability in wire elastic modulus, but analysis results showed minimal sensitivity 

and are not reported in detail. 

Commercially pure zinc is a unique structural material in structural socket terminations because 

its tensile capability is extremely low. However, its compressive capability is high. Grain sizes 

also vary significantly based on manufactured method and rates of cooling during casting (see 

Appendix A, Section 4.3.1). As such, it is difficult to construct a high-confidence material model 

that accurately reflects both tension and compression response or when attempting to model 

progressive damage. This acknowledgment was the impetus for considering the range of zinc 

material properties that will be discussed later in this report. An example true stress-strain curve 

for the range of zinc mechanical properties and for the wire mechanical properties is shown in 

Figure C-2.  
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Figure C-2. True Stress-Strain Curves for the Range of Zinc Material Properties (left) and Baseline 

Steel Material Property (right) 

C.1.3 Boundary Conditions 

Due to the high-level of mesh refinement required to characterize the zinc and wire constituents, 

additional model simplifications were needed. An initial coarse FEM of the socket was 

developed to understand the effects of the clevis joint attached to the socket. This analysis 

demonstrated that the local stresses at the clevis hole did not influence stress levels in the zinc 

casting or on individual wires. Further, the socket deflections were predicted to be small (less 

than 0.010 inch compared with the conical socket dimension of >12 inches) and the net section 

stresses in the cast steel socket were near 15 ksi (Figure C-3), well below the ultimate material 

capability of 100 ksi. Stresses adjacent to the boundary condition were even lower than those 

near the zinc casting interface. FEA showed that the pin-clevis connection at the back of the 

open socket termination did not need to be included in the baseline FEMs, as its effects were 

found to be insignificant in the overall socket mechanics. The loads did not cause ovalization of 

the socket and was shown to behave axisymmetrically. Because of the local nature of the stresses 

within the zinc casting, there was no need to model the clevis joint in subsequent modeling 

efforts.  

 
Figure C-3. Clevis Joint was not Modeled in Baseline FEMs as its Effects were Found to be 

Insignificant 
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C.1.4 Loads 

The first load experienced by a newly manufactured socket is the socket proof test to 50% of the 

specified cable breaking strength. In the case of Aux M4N, this corresponds to a load of roughly 

660 kips. The socket joint is loaded axially by reacting all the tension developed in the structural 

strand from suspending the Arecibo telescope receiver. Torsional forces from tension loading 

will arise but are balanced by alternating layers of strand wires, denoted as a “torsion-balanced” 

configuration. For the purpose of modeling simplicity, only axial loads were applied after 

determining that the minimal torsion and bending loads were negligible. While these asymmetric 

non-uniform effects are likely to be present, these were determined to be a small component of 

the total axial load acting on the joint. 

As a modeling assumption, the load was applied to a single node reference point that was 

kinematically coupled to the wires. This assumption allows effective load transfer to each of the 

individual wires and is a realistic modeling representation, as the load is applied far field from 

the socket and at that point the entire strand is being loaded uniformly across the cross section. 

Regarding operational loads, the observatory drawings specified three relevant loading cable 

conditions for the Aux Main cable (see Appendix D): 

Loading Condition 1: Initial tension under dead loads at 90 degrees Fahrenheit  

(°F) and includes all loads from modified central feed structure, new Gregorian 

Dome, cables, loads due to raising the platform, loads due to tie downs, and 

loads from wave guide supporting system. The final loads after initial erection 

is 602 kips.  

Loading Condition 2: Operational loads includes all loads in Condition 1 plus 

50-mph wind and 90 °F: 615 kips.  

Loading Condition 3: Operational loads includes all loads in Condition 1 plus 

100-mph wind and 90 °F: 622 kips. 

During “survival” conditions, the Gregorian Dome was stowed, and tie-down forces were 

relaxed so that the observatory receiver was free to displace as needed with the winds. WJE’s 

analysis predicted a maximum cable load of 720 kips [ref. 1], nearly 100 kips higher than the 

value prescribed in the drawing. Dead loads were a significant portion of the maximum cable 

load: (602 kips/720 kips) ~84%, resulting in a design factor of safety against the 1314-kip cable 

breaking strength of (1314 kips/720 kips) ~1.83. Finally, a proof factor of roughly 0.92 is 

achieved when considering proof test of 657 kips and a survival load of 720 kips. 

Fluctuating cable loads and corresponding load spectra due to wind oscillations from hurricanes, 

earthquakes, temperature fluctuations, and telescope movements was not fully characterized. 

Due to limited data available to WJE, they did not characterize the many variations in loads that 

could occur and did not analyze the effects of various combinations of tie-down loads with 

static/dynamic wind loads. However, when examining the three loading conditions per the 

drawings, loads caused by winds are a small percentage of the total cable loads based on a 

comparison of load conditions 1, 2, and 3.  

Due to the uncertainty in the maximum tensile load expected in Aux M4N, all FEA sensitivity 

studies were performed with a baseline cable load of 602 kips (load condition 1). Residual 

stresses from manufacturing, and thermal and vibration sources were not included in the model. 



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  555 of 635 

It should be noted from Figure C-4 that the survival condition load is only 7,000 lb above the 

expected dead load, making the dead load a uniquely high proportion of total load demand for 

these socket terminations. Representative in-service loads were extracted from instrumentation 

on the remaining M4S socket hardware, including strain gages on both the North arm 

(M4S_Aux_N-Strain), the South arm (M4S_Aux_S-Strain), a thermocouple (M4S_Aux-

Thermal) installed on the underside of the M4S structural strand, and a wind reading from the 

platform on Tower T-12. For typical tropical conditions, Figures C-5 and C-6 demonstrate that 

the strain measurements were more sensitive to temperature than wind and were small in 

magnitude. The data imply that the structural system is sufficiently flexible such that the 

transient external loading results in a small load increase into the cable compared with the dead 

load, as shown in Figure C-4. 

 
Figure C-4. Operational Load is Roughly 600,000 lb (see Appendix D) 

 

  
Figure C-5. Temperature (F) and Wind (mph) Trends between October 30 and November 2, 2020 

(timescale in seconds) 
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Figure C-6. Strain Measurements in Microstrain between October 30 and November 2, 2020 

(timescale in seconds) 

 

C.1.5 Socket Joint Physics  

Cable tensions from observatory dead load, operational loads, and survival transients are 

transmitted to the socket termination through the 126 individually broomed wires that are held in 

place by the cast zinc spelter within the steel open socket conical volume. The zinc that fills the 

socket cavity is bonded to the wires, and this bond creates an efficient load transfer among the 

wires within the socket.  

A special characteristic of the socket termination is that the combination of zinc plasticity and 

the conical volume forces a “squeezing” effect to occur around the broomed wire bundle in the 

narrow part of the socket. The high confining pressures experienced at the outlet of the socket 

keep the broomed wires from pulling out of the zinc and allow the failure to occur in the cable 

outside the socket, thus developing the cited 100% efficiency termination.  

The load transfer mechanism is analogous to fiber-reinforced metal matrix composites, whereby 

the matrix material aids in transferring load to the fibers that handle the axial loading. Most of 

the load is carried by the wires within and just outside the socket (see Figure C-7). 

F-25. Observatory dead load resulted in sustained cable tensions within 20% of the 

maximum expected cable tension. 
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Figure C-7. As Loading in Cables Increases (left to right), the Zinc Distributes Load amongst Wires 

within Socket in Mechanism Analogous to Metal Matrix Reinforced Composites 
Note: The magnitude of the contour stress plots is not particularly relevant for this demonstration. 

It is worth noting that some sockets, specifically those manufactured in the field, use a thermoset 

poured resin rather than molten zinc to confine the broomed wires within the socket. 

Functionally, the nearly incompressible resin achieves the same mechanical locking and 

squeezing of the wires as the zinc plasticity and conical socket shape. Reference 14 states: 

“When a load is applied to the rope, the resin cone must move forward into the 

socket. This effect generates high wedging pressures in the resin, tightly gripping 

the embedded wires. This movement, and the resulting wedging process, is 

essential to the operation of the system…” 

A properly manufactured socket termination should develop the full breaking strength of the 

structural strand or wire rope, meaning that the socket termination itself should not be the limited 

strength factor in the capability of the whole cable. This is observed during testing when the 

failure mode is breakage in the cable rather than individual wire pullout of the zinc or resin 

casting. The exact progressive failure is complicated, and it is not obvious which individual wire 

fails first or where along the length of the cable the first failures should occur. Once individual 

wires fail, the failure mode may or may not exchange to the cast zinc or resin or may remain 

somewhere within the strand. 

Figure C-8 shows the distribution of plastic shear strain in the zinc for three configurations of 

model brooming. The effects of brooming on performance are discussed later in this appendix, 

but it is worth noting that the bands of shear strain in the middle and lower configurations show 

how brooming affects stress and strain level in the zinc. Better brooming traps the wires and 

redistributes stress out to the wires, while poor brooming puts more shear stress into the zinc, 

which can have deleterious effects on termination performance (discussed in more detail later). 
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Figure C-8. Comparison of Representative Zinc Plastic Strain Fields for Three Different Wire 

Brooming Configurations, highlighting Bands of Significant Shear for Less-broomed Cable Ends 

In reference 15, the cable fails at the far socket termination. In this failure example, it appears as 

though the cable core (i.e., the remaining unfractured wires) would have pulled out of the socket 

by zinc overload, like the Arecibo failure, had the test rig continued to move. In other tests, the 

structural strand has been shown to fail away from the socket, somewhere within the span of the 

strand length. However, it is not possible to predict which configurations would fail in the strand 

near the socket and which would fail in span. 

C.1.6 Analysis-Test Correlation 

The socket joint is designed to fail outside the socket joint in the load-bearing structural strand 

and not due to interfacial bond breakage at the zinc/wire interface. Per Figure C-4, the breaking 

strength of the strand is near 1,314 kips. While no other documentation exists, verbal information 

from the supplier also indicated a breaking strength of the joint in excess of 1,300 kips, 

consistent with Figure C-4. 

The breaking strength of the strand is rated at 1,314 kips and is consistent with hand calculations 

based on cross-sectional area of each wire:  𝐴𝑤𝑖𝑟𝑒 = 𝜋 ∗ 0.1252 = 0.049 𝑖𝑛2. Based on the 

single-wire minimum strength specification of 220 ksi, the predicted load at failure is 1,360 kips 

(= 126 wires × 𝐴𝑤𝑖𝑟𝑒× 220 ksi). This value is theoretical and assumes that all wires are loaded 

equally and does not account for variability in strength. Note that in this particular calculation the 

interfacial shear stress is not considered along the length of the embedded wires, which would be 

a different failure mode inconsistent with proper manufacturing and design. 

The wedge FEM predicted the highest stresses in the outer wires, and the ultimate strain to 

failure of the whole cable cross section was not predicted until the failure load was above 1,200 

kips. However, the Aux M4N socket joint failed at operational loads near 600 kips. So, one key 

question is why a socket with a rated breaking strength of over 1,300 kips failed near 600 kips. 

As stated previously, the rated breaking strength is determined in a test where the cable is loaded 

until total net section failure occurs. Total cable overload does not occur until most of the 

individual wires are yielding and collectively reaching their ultimate elongation limit. In all 

versions of the model, as-built and wedge models, analysis predictions showed that at 600 kips 
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the entire row of outer wires has begun to yield and plastically elongate, albeit not grossly. As 

intended, this causes a load redistribution to the inner rows of wires, which eventually yield next, 

and the process continues. All analyses show agreement that the breaking strength of the full 

strand would not occur at 600 kips of applied load for a pristine, newly constructed cable 

termination of this design. 

Hand calculation and FEA of the socket joint show that the breaking failure load is near that 

specified in Figure C-4. Predicting explicit failure of the zinc is difficult due to the complicated 

stress states that occur in the zinc through the socket volume. Further, the commercially pure 

zinc test data obtained by constituent level testing does not lend well to a failure criterion in this 

type of socket. As such, sensitivity studies across the range of possible zinc material properties 

and failure criteria showed that predicting zinc failure is less crucial to predicting the strength of 

the overall socket joint because the zinc material variability plays little role on the overall stress 

development in the wires in a properly functioning socket. 

Strain gage data were not available as a method for model anchoring, but other approaches were 

available from the forensic evidence. The FEAs were helpful in understanding the basic 

mechanisms of failure for such designs. A qualitative comparison to the failed socket shows that 

the FEM predicts the “stepped” pattern wire failures observed during forensic examination, as 

shown in Figure C-8. The highest stresses were not predicted to be planar from wire to wire; 

rather, the failure surface followed the surface of a rough spheroid, matching the stepped patterns 

seen from forensic examination. The outer wires were predicted to fail closer to the socket face 

wire outlet region, while the inner wires would fail slightly inboard to the socket, as identified in 

the forensic evidence (see Appendix A, Section 4.2.2). The stress field suggested that the wires 

failed adjacent to the greatest confining pressure within the zinc. The zinc plastic flow and the 

shape of the socket create a region of confining pressure in the shape of a half spheroid, which 

causes the highest wire stresses adjacent to the boundary of the highest confining pressure. In 

Figure C-9, the red output showing interface contact pressure (“CPRESS”) reflects the area of 

highest confining pressure at the zinc/wire interface, which would squeeze the individual wires, 

suggesting the fracture location would be ahead of this region (near the wire outlet of the socket). 

The graphic on the right-hand side of Figure C-9 is reproduced in greater detail in Figure C-10. 



 
NESC Document #: NESC-RP-20-01585, V.1.1  Page #:  560 of 635 

  

 
Figure C-9. Highest Stresses were not Predicted to be Planar; Failure Surface followed a Spheroid 

Shape, matching Stepped Patterns seen in Forensic Investigation 
Regions of colored stars show different "steps” of failure in socket. Note that yellow shading (top left) 

and red high stress zones (lower left) match shape of failure surfaces in right figure. 

 

 
Figure C-10. Many Outer Wires Exhibited a Shear-type Failure (orange and yellow), while Inner 

wires exhibited Cup-cone Failure (gray and purple) 

Model predictions were qualitatively consistent with the observed wire failure modes from the 

Aux M4N socket. Forensics identified that the majority of wires failed in cup-cone fracture, 

although a select number of outer wires failed in shear (see Figure C-10). Analysis shows that 
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the inner wires are under significant confining pressure, thus increasing elongation capability and 

resulting in a “ductile” cup-cone failure mode. The outermost wires have unbalanced confining 

pressure and are geometrically more broomed, which increases the likelihood of a shear failure 

mode. 

 

C.1.7 Analysis of Confidence in Analytical Model  

Confidence in the analytical model was qualitatively assessed using the model confidence 

matrix. This allows identification of sensitivity studies that should be conducted to mitigate 

potential concerns with an aspect of the model. Model confidence was assessed for the material 

model, boundary conditions, loads, and mesh refinement. A rating of ‘1’ indicates low 

confidence, ‘5’ indicates high confidence, and ‘3’ indicates moderate confidence. The model was 

evaluated relative to the material model for the various constituents of the socket joint, boundary 

conditions, loads, and mesh refinement, shown in Table C-1. The assessment indicates a 

modeling confidence of moderate or lower for the material properties of the zinc casting and the 

as-built model. These concerns were subsequently mitigated by conducting several sensitivity 

studies targeting the zinc material model and the as-built configuration. There was also a limited 

understanding of zinc failure mechanics within the socket. 
  

F-27. Finite element modeling predictions were qualitatively in agreement with the NASA 

forensic analysis: 

• Maximum wire stresses predicted followed the stepped pattern observed in the 

forensic analysis. 

• Outer wires were predicted to fail in a shear failure. 

• Inner wires were predicted to fail in a cup-cone failure mode due to the 

compression effects of the zinc on the wires. 
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Table C-1. Overall Confidence in Model, Assessed using Confidence Matrix along with Mitigation 
Options for Areas of Low Confidence 

Aspect Conf. 

Ratin

g 

Rationale Mitigation 

Material Model    

   Cast Steel 

Socket 

5 Cast steel elastic properties at low 

stress levels are well-understood  

N/A 

   Zinc Casting 2 Literature of the zinc material 

exists but there was less 

confidence in the stress-strain 

data. Lack of clear failure 

mechanics and applicable damage 

models for zinc.  

Perform sensitivity studies to 

understand socket behavior 

sensitivity to wide range zinc 

material properties. 

   Steel Wire 4 Literature data exists and it was 

supported by NASA testing. 

There was less confidence in the 

elongation to failure data. 

Perform sensitivity studies to 

understand steel wire 

behavior to wire material 

properties. 

Boundary 

Conditions 

5 Wire stress and socket behavior 

were insensitive to boundary 

conditions. 

N/A 

Loads    

    Load 

application 

5 Wire load is determinate, and 

load was applied at a distance 

from the socket face.  

N/A 

    Magnitude of 

load 

4 The operational loads were 

applied but there was less clarity 

on how to include other loads 

from asymmetric loading and 

wind/temperature  

Determine if further analysis 

is required pending 

conclusions. 

Mesh 

Refinement 

5 Mesh sensitivity studies and hand 

calculations suggested a 

converged mesh. All elements 

passed quality checks. 

None 

As-built Model 3 Drawings and forensic evidence 

were used to reconstruct an as-

built model of the failed socket. 

The effort required making some 

engineering assumptions.  

Perform sensitivity studies to 

understand the effects of 

wire stress to parameters 

affecting the as-built quality 

of the socket. 

C.2 Strength Assessment 

Due to uncertainty in the zinc material properties, sensitivity analyses were performed with a 

suite of zinc material models ranging from “soft” to “stiff” that envelop NASA independent test 

data of the zinc spelter and ingot indicated earlier in this report. 

For an applied load of 600 kips, the range of zinc material models resulted in outer wire stress 

predictions ranging from 220 to 230 ksi, yielding in all cases. With a factor of safety of unity, 
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this corresponds to structural margins ranging from +15% to –4% considering a range of wire 

ultimate strengths of 220 to 250 ksi. Margins are considerably lower with the maximum cable 

load of 720 kips predicted by WJE’s analysis. 

For typical aerospace applications, structures with highly complicated stress distributions are 

analyzed and compared not only against the breaking strength of the joint but also for constituent 

stresses against their respective material strengths. Regardless of the zinc material model, the 

wires support the majority of the sustained load, and the outermost wires are stressed near the 

ultimate strength of the wire steel material, even at 600 kips of applied load, which is well below 

the rated breaking strength of the structural strand. The yielding of the outer wires results in load 

transfer to inner wires that can more readily accommodate the further increases in load before 

full cable failure. This can be understood by examining Figure C-11. 

 
Figure C-11. Wire Stresses are Highest in Outer Wires; Wire Stress was Relatively High Compared 

with Material Capability, Regardless of Zinc Material Model 

In a perfect world, the zinc materials would be well characterized and repeatable in manufacture, 

but the sensitivity studies have helped show that, regardless of zinc material model, the wires at 

the outlet of the socket take the majority of the sustained load, and the outer-most wires are 

stressed near the ultimate strength of the wire steel material. This is shown to occur even for the 

600 kips of nominal observatory use tension, well below the rated breaking strength of the 

structural strand. The yielding of the outer wires results in load transfer to inner wires that can 

more readily accommodate the further increases in load before full cable failure. 

 
  

F-28. For a large range of realistic zinc material properties, all models predict that outer 

wire stresses are near ultimate strength of individual wires, even at operational 

observatory loads, demonstrating low or even negative margins of safety for the Aux 

M4N socket. 
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C.3 Cumulative Damage Assessment 

The topic of cumulative damage arises when considering structures with long lifetimes, 

structures subject to significant loading transients, or structures with minimal design margin. In 

the Aux M4N socket termination, the low structural margin and long time in service may limit 

the joint’s ability to accommodate loading transients, creep, and other time-dependent factors ad 

infinitum. The topic of damage accumulation was explored in a basic assessment of creep and 

fatigue for the joint. 

Socket Corrosion Discussion: Forensic analysis and associated microstructural studies found 

corrosion within the zinc casting, at the wire-zinc interfaces, and at the zinc-socket interface. 

FEA was leveraged to assess the potential role of each forensic finding in the failure progression. 

Corrosion was found in the upper two-thirds region between the socket housing and the zinc 

casting outer diameter, while negligible corrosion was found in the lower third. An FEA 

sensitivity study examined the influence of corrosion between the zinc casting and the socket 

housing. The analyses varied the coefficient of friction from 0.3 to 0.8 and then as permanently 

affixed between the zinc casting and the socket housing and found minimal effects on the wire 

stresses. The findings are consistent with understood socket physics that pulling the wires also 

pulls the zinc against the socket housing. A high compression zone develops between the socket 

housing and the zinc during this process, and the presence of any corrosion has a low influence 

on wire stresses because the load transfer mechanism remains intact. 

FEA was used to evaluate the corroded wire ends of eight wires that were cast protruding from 

the zinc outer diameter. Analysis showed that the wires were not stressed as highly in the wider 

region of the socket as they were in the narrower front region, and that the as-identified corroded 

interfaces should not have been detrimental to the load transfer mechanism. A separate analysis 

evaluated the voids and defects within the casting near the wider socket casting region and found 

that these likely had a negligible effect on the maximum predicted wire stress located adjacent to 

the wire outlet from the socket. 

Corrosion throughout the zinc casting was also evaluated for potential degradation of zinc 

mechanical properties and potential influence on wire stresses. Results of this sensitivity study 

did not change the conclusion that individual outer wire stresses are near ultimate strength at 

operational observatory loads. 

Finally, the analysis showed that the highest stresses were near the narrow diameter of the socket 

where corrosion was less pervasive. While corrosion was present in smaller quantities, the 

potential influence on wire stresses was significantly lower than the role of low structural 

margins at operational loads and the influence of long-term sustained loading. 

Zinc Creep: The cast zinc is under a large amount of shear and compression stress in this design 

due to the wires shearing the zinc at the bonded interface and the overall compression that 

develops once the volume of zinc flows and becomes compressed by the narrow end of the 

socket. Literature of zinc spelter sockets suggests that the zinc is susceptible to creep behavior at 

a higher rate than steel wires. Shear stresses vary throughout the cast spelter volume, with the 

highest stressed regions being in the narrow half of the socket and sufficiently high in magnitude 

to expect the occurrence of creep. The significant stress and strain levels in the zinc are evident 

in the plastic strain field shown in Figures C-7 and C-8 in Section C.1.5. This is also confirmed 
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by WJE testing, in which samples were subjected to constant loading, resulting in creep behavior 

[ref. 1]. 

Steel Wire Surface Defects: Forensic analysis revealed wire surface defects on five fractured 

wires and that defects influenced the failure of two of the wires. From the structural assessment 

perspective, surface defects can cause local stress risers that decrease the strength capability of 

those respective wires. The negative structural margins predicted with a factor of safety of 1.0 at 

limit load further deteriorate when the stress riser due to the surface defect is considered. 

Steel Wire Creep: Adjacent to the socket termination, the brooming of the wires and the 

geometric stress concentration results in the outer wires being stressed to a significant percentage 

of their strength capability. As such, there is limited structural margin remaining that can 

accommodate overloading events or reduction of capacity due to “time-dependent” failure 

mechanisms for infinite durations. Steel wire is known to exhibit creep response [refs. 16-18] 

under sustained loading and, as the stress increases relative to the strength of the wire, the creep 

strain rate also increases.  

Strain loading was sufficiently high that it could not accommodate creep and cyclic loading. The 

creep mechanism is therefore a credible phenomenon, particularly on the heavily stressed outer 

wires of the socket joint. Increasing the strain level in the wire also results in decreasing 

elongation capability. Due to a lack of reliable stress rupture failure criteria, no attempt was 

made to predict creep failure of the wire, but the assessment demonstrates qualitative relevance. 

Cyclic Loading of Socket Joint: An FEM was constructed to understand the zinc and wire 

mechanical behavior due to proof testing followed by fluctuating cable loads. A six-step analysis 

process was performed: (1) conduct socket proof test to 50% rated breaking strength (660 kips), 

(2) unload (<12 kips), (3) load to initial operational load (624 kips), (4) reduce to low operation 

load (500 kips), (5) increase to survival load (720 kips), and (6) return to original operational 

load (624 kips). In reference to Figure C-12, it was confirmed that cyclic loading beyond proof-

test loading progressively increases strain in wires, progressively increases plastic flow in zinc, 

and exhibits structural hysteresis. During subsequent loading events at lower magnitudes, the 

response in outer wires remains linear. 
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Figure C-12. Stress History and Hysteresis from Repeated Loading above Proof Load Level  

Stresses Shown from Starred Location in Bottom Right Graphic. 

Comparing field output plots of the yield state in each step confirms that the majority of the 

structure responds linearly for loading below previously achieved loads (from proof test, initial 

operations, or survival conditions). Figure C-13 shows the yielding portions of the socket in red 

for each of the six analysis steps. Subsequent elevated loading or loading reversal results in 

yielding of both the zinc and the wire steel, although the zinc repeatedly yields in compression 

during load removal while the wires do not yield. 
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Figure C-13. Yield State (shown in red) for Zinc and Wires for each Analysis Step 

Fatigue Life Characterization of Steel Wires: The observatory receiver suspension cables 

were subject to load fluctuations from temperature cycles, winds from tropical storms, routine 

daily winds, and earthquakes. Due to lack of available information relative to the load spectra, it 

was not possible to predict damage accumulation with high degree of confidence. Rather, a 

qualitative assessment was performed illustrating that the design will accumulate damage from 

cyclic loading, preventing the structure from possessing an infinite life. 

The concept of a modified Goodman diagram can be employed to demonstrate the relationship 

between mean stress offset, cyclic stresses, and their combined effect on expected life. 

Qualitatively, the modified Goodman diagram gives information on whether the design space 

(mean and alternating stress combination) possesses effectively infinite life or whether some 

finite life failure is expected. The diagram is constructed by establishing axes for mean stress 

(horizontal) and alternating stress (vertical) and drawing one line between ultimate tensile 

strength and endurance limit strength and another line between yield strength on both axes. The 

conservative inner envelope of yield strength and endurance limit stress is the region where 

effectively infinite life would exist for combinations of mean and alternating stresses existing 

within that region. Outside this envelope, some finite lifetime is expected, dependent on the 

exact load history, material capability, susceptibility to environmental degradation, etc. The 

modified Goodman diagram for the highly loaded outer wires at the Aux M4N socket 

termination is indicated by the yellow oval in Figure C-14. The diagram indicates finite life due 

to cyclic loading conditions. The diagram was constructed for specification yield and ultimate 

strengths of the individual wires, but the concept can be extended to nominal strengths, design 

minimum strengths, or those specified by a customer. 
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Figure C-14. Modified Goodman Diagram showing Separation of Finite and Infinite Life Regions 

with Annotations for Aux M4N Operational Space 

The modified Goodman equation was used to qualitatively conclude that the number of cycles to 

failure can vary drastically depending on the assumptions made. The modified equation is as 

follows:  
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where a mean stress correction is necessary due to sustained cable tension from observatory dead 

loads. Here, σa is the stress amplitude due to fluctuating loads, σu is the wire ultimate strength, σm 

is the mean stress in the wire, f is the fatigue strength adjustment factor (typically 0.9), b is the 

Basquin coefficient (approximately –0.1 for metals), and σe is the endurance limit. In examining 

the above equation, it can be seen that the ability to accommodate alternating stresses is reduced 

as the mean stress approaches the strength of the material.  

The prediction for mean stress related to the sustained loading condition (e.g., dead loads) was 

estimated for the purpose of calculating a range of allowable cycles. However, because the load 

spectra defining the alternating cable load and the stress spectra were not fully characterized, a 

quantitative prediction with high confidence could not be performed. Since the sustained loads 

are roughly 80% to 90% of the total cable load, the remaining percentage of the load can be 

assigned to transient effects. Given the uncertainties in load spectra, the range of predicted cycles 

to failure showed anywhere from 100 to 1 million cycles, which is instructive because a finite 

life is predicted but the range is too big to draw conclusive statements on the amount of 

accumulated damage due to cyclic loading. Given the nature of the Arecibo Observatory 

operation, it is known that the Aux M4N successfully endured a significant number of cycles. 

Nonetheless, every cycle generally contributes to accumulation of damage. 
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In conclusion, a qualitative cumulative damage analysis considering cable load fluctuations 

shows that cumulative damage occurs during operation, but the total accumulation of damage is 

unknown due to uncharacterized load spectra. 

Creep and Cyclic Loading: Generally, materials incur cumulative damage due to both sustained 

loading and cyclic loading, as structures are not likely operating in conditions where one of the 

contributors is totally absent. Per ASME Section III Division 5, accumulation of damage 

occurring due to sustained loading and cyclic loading can be linearly combined using Miner’s 

rule. This is illustrated by the interaction diagram in Figure C-15. Here, n and Nd are the number 

of cycles and the allowable number of cycles for the loading condition j; t and Td are the actual 

time at stress level k and the allowable time at that stress level. D is the allowable combined 

damage fraction. The point of this diagram is to illustrate that time-dependent degradation modes 

are not only due to sustained loading, but that cyclic loading can accelerate creep-related failure 

modes. Figure C-15 shows an example exchange rate between cyclic and time-dependent 

contributors to total accumulated damage. 

In the Arecibo Observatory Aux M4N application, sustained loads are due to observatory dead 

loads, which makes up most of the total cable load envelope (in the range 80% to 90%). 

Comparing the alternating cable load with the mean cable load (sustained) demonstrates that the 

failure event was influenced by creep mechanisms. Considering creep to be a dominating factor 

is consistent with metallurgical observations that revealed no evidence of typical fatigue failures 

(e.g., beach marks and striations). However, contributions from cyclic loading cannot be entirely 

dismissed, as they can be masked by the occurrence of creep, and can accelerate creep-

dominated failure modes and contribute to the total cumulative damage of the hardware. 

 
Figure C-15. Cumulative Damage Can Occur due to Combination of Cyclic Loading and Sustained 

Loading 

 

Failure envelope

F-29. The socket design had low wire structural margins and a large percentage of 

sustained loading, which made the design susceptible to a creep-dominated failure, 

likely accelerated by fluctuating cable loads. 
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C.4 Discussion on Transient Loading (e.g., Hurricane Maria, Earthquakes) 

Structural elements cannot easily endure both near-ultimate static sustained load and large 

alternating loads for long periods of time. In the Aux M4N design, at operational observatory 

loads, the outer wires of the cable adjacent to the socket termination experience significant 

stresses and local yielding, and possess limited structural margin. While the transient loading of 

the Arecibo Observatory may be small compared with the sustained dead load, it is recognized 

that cyclic loading only accelerated the creep-dominated failure mechanism. Environments such 

as hurricanes, earthquakes, and temperature fluctuations can increase creep, per the ASME 

interaction curve, and reduce the life of the socket joint.  

According to WJE [ref. 1], Arecibo collected wind data every 15 seconds to determine peak 

velocity. For Hurricane Maria, the peak recorded wind velocity was 110 mph, while the average 

wind speed over 15 minutes peaked at about 70 mph. It is worth reflecting on the original design 

that considered the “survival” condition to be 100 mph winds. 

During normal daily operations, one body of data collected at 200 Hz did not show evidence of 

significant cable load oscillations due to wind or temperature transients. No data were provided 

for conditions during Hurricane Maria or for those reflective of tropical storms, hurricanes, or 

earthquakes. Therefore, no correlation between measured values and significant transient 

environments can be made. As such, the real structural response due to wind gusts or vortex 

shedding during transient environments are unknown and can only be qualitatively assessed as a 

general contributor to the accumulation of damage. 

C.5 Effects of As-Built Wire “Brooming” 

All results presented so far were based on a representation of the brooming condition that 

enables the development and use of a reasonable FEM. At the time of the analysis, the 

reconstruction of the as-built condition was not available. Subsequently, the team developed 

several representations of brooming where the wire distribution is axisymmetric around the cross 

section. The model version containing the largest degree of brooming is referred to as the “ideal 

brooming condition,” although it is recognized that such a brooming would not materialize in 

actual socket manufacturing. Nevertheless, analyses with various brooming conditions can 

provide insight into the sensitivity of brooming quality to the critical stress of the socket joint 

and help develop a more thorough understanding of socket termination mechanics.  

The brooming operation ensures that the wires are as evenly distributed as possible within the 

socket so that the load distribution is efficient. Since the brooming operation is a manual 

operation, no two sockets are exactly alike. The exact brooming geometry and the quality of the 

wire-to-zinc bond are affected by the manual operations.  

Forensic data were used to reconstruct the wire geometry within the socket. NASA KSC 

performed sectioning of the failed socket to estimate wire location at each of the exposed 

sections. The Aerospace Corporation subsequently used a digitizer to translate wire location 

information at each of the cuts into data points within the CAD software. By curve fitting 

through each dataset for each of the wires, it was possible to reconstruct a solid model of the 

wire geometry. This was also described in Section C.1.1. 

This process was completed for 113 wires for which geometric data were readily available. Only 

partial data were available for the reconstruction of the remaining 14 wires. Figure C-16 

illustrates various views of the wire geometry and shows the nonuniform wire distribution within 
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the socket. The figures also help the reader understand how the manual brooming operation 

results in a unique set of wire positions for each socket as it would be nearly impossible to repeat 

the same brooming twice. 

 
Figure C-16. Isometric Views of As-built Wire Brooming within Failed M4N Socket 

Multiple models were developed that assumed various “qualities” of brooming in attempt to 

bound the problem. Specifically, three levels of broomed models were created: “ideal,” 

“medium,” and “poor.” The “medium” brooming resembled the “ideal” configuration in terms of 

relative distribution of wires, but the wires were broomed to a small final footprint. For the 

“poor” brooming, only the outermost row of wires was broomed; the inner rows were not 

broomed significantly. 

Analysis results suggest that a more uniform distribution of wires within the zinc matrix leads to 

development of better confining pressure on the broomed wires, reduced excessive extrusion of 

the zinc, and a more predictable failure wire mode outside the socket termination. The more non-

uniform the density distribution of wires over a cross section of the zinc matrix, the “worse” the 

brooming is considered. In Figure C-17, it is visually apparent that the as-built configuration falls 

somewhere between an “ideal” and a “poor” brooming, as expected. It should be noted that when 

making this qualitative assessment the brooming in the socket that failed could be similar to 

other socket “brooming,” while the “ideal” brooming configuration modeled may never be 

achieved in practice.  

 
Figure C-17. As-built Wire Distribution compared with Ideal Brooming Configuration and Poorly 

Broomed Configuration 

Analysis shows that, for marginal designs like the M4N socket, brooming quality becomes more 

important than designs with robust structural margin (see Figure C-18). A sensitivity analysis 
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was performed comparing the outer wire stresses for the three brooming configurations with 

decreasing levels of quality of brooming. The plastic strains and tensile stresses in the outer 

wires increased with decreasing quality of brooming. The proposed explanation for this 

phenomenon is that more brooming leads to better development of confining pressure in the 

narrow end of the socket that results in a more distributed load across the cable cross section. 

Better brooming prevents excessive zinc seating extrusion and time-dependent extrusion due to 

the distribution of wires through the zinc volume, resulting in a composite system that uses the 

entire embedded wire surface to resist flow. When there is a lesser degree of brooming, there is 

more zinc plastic flow, and the mechanical response exhibits a softening phenomenon (i.e., 

reduction of tangent modulus), which leads to a distribution of load into the outer wires as the 

wire and zinc continues to experience excessive seating extrusion. For poorly broomed 

configurations, a lower volume of high triaxial compression is predicted, which is directly 

correlated to the effects of confining pressure on the wires that keeps the wire-zinc bond intact; 

more brooming redistributes load into wires across the cross section.  

 
Figure C-18. Outer Wire Stresses Increase with Decreasing Levels of Quality Brooming 

Qualitatively, the as-built brooming does not have wires distributed uniformly across every cross 

section of the socket like the ideal brooming configuration. The as-built brooming will develop 

higher stresses in the outer wires in comparison to the ideal brooming configuration.  

This finding and discussion may seem arbitrary at first read; however, it should be recognized 

that brooming quality becomes increasingly important when the design is operating near its 

capability. Something like the level of brooming may be the explanation for why one socket fails 

but another one does not despite being installed at the same time and seeing the same loading 

profile. The workmanship sensitivity might not significantly affect capability when operating 

with significant margins of safety but can play a bigger role in marginal designs. 

 
  

F-29. The socket design had low wire structural margins and a large percentage of 

sustained loading, which made the design susceptible to a creep-dominated failure, 

likely accelerated by fluctuating cable loads. 
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C.6 Effects of Defects within Zinc Slug  

Forensic evidence indicated zinc voids from the manufacturing process (See Appendix A, 

Section 4.3). Corrosion products were also observed in the some of the zinc surfaces (see 

Appendix A, Section 4.4). An analytical study was pursued to examine whether zinc voids could 

have accelerated the failure of the outer wires. Three analytical models were developed, one with 

a void toward the socket face side, one with a void midway down the length of the socket, and 

one with a void toward the casting cap side of the socket. The voids were simulated by deleting 

elements representative of the zinc material. Analyses predicted negligible effects on the outer 

wire stresses due to the presence of these voids. All effects of the voids were limited to the local 

area adjacent to the voids within the socket volume and did not affect the overall stress 

distribution of the wires outside the socket. This is because the most highly stressed wires occur 

near the socket face and remain unaffected by the existence of voids a substantial distance away 

in the zinc. However, the analysis cannot rule out the effects of voids on time-dependent effects, 

local zinc damage, or damage to the wire/zinc interface that would have progressively 

contributed to an increase in plastic flow and affected wires elsewhere. 

A separate model configuration was run where 20% of the zinc volume was removed from the 

casting-cap side of the socket to mimic the existence of the cavity tear that was observed just 

under the casting cap. The loss of zinc away from the wire outlet of the termination indicated no 

change in critical wire stress level and did not indicate a difference in termination capacity. 

Termination capacity is influenced significantly by the zinc in the narrow side of the conical 

volume but is largely unaffected by the zinc at the open end of the socket. 

 

C.7 Analysis Progression of Failure 

An analytical exercise was undertaken to examine the load redistribution and stress concentration 

effects of progressively failing wires adjacent to the socket termination. The intent of the study 

was to quantify the stress increase of failure on adjacent wires, determine a failure pattern 

assuming select failed outer row wires, and qualitatively compare to forensic evidence. Figures 

C-19 and C-20 show the first configuration considering three failed wires at the 3 o’clock side of 

the cross section. 

F-31. Analysis predicts that stresses in the zinc and wires are not affected by the zinc voids 

identified in the forensic examination of the Aux M4N socket. 
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Figure C-19. Pictographic Representation of Wire Stress over Cross Section and Initially Failed 

Wires at 3 o’clock Side 

 

 
Figure C-20. FEM Visualization of Three Initially Failed Wires  

Six FEAs were conducted, each with differing number of failed wires. Models containing 3, 9, 

15, 21, 31, and 38 disconnected wires representing a post-fracture configuration were leveraged 

for the purpose of this study. Figure C-21 shows a representative change in stress distribution 

across the cross section, considering the increasing number of failed wires. For the first 

configuration of three failed wires, the adjacent wire stresses increase by roughly 5%. The stress 
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increase changes as the number of failed wires increases, creating more load transfer. In  

Figure C-21, the cross-sectional stress distribution is shown for a specific distance from the 

socket face, and there are complicated 3D effects that are not captured by this two-dimensional 

image. 

 
Figure C-21. Model Cross-sectional Stresses for Differing Numbers of Failed Wires showing Stress 

Redistribution Radially and Circumferentially 

The forensics analysis identified which wires in the cross section remained intact and pulled out 

of the socket with the core of the cable versus those that fractured in the socket. There was a 

clear bias of the wire failures to one side of the socket, with a distribution of wire failures 

emanating radially and circumferentially from the 3 o’clock side of the socket. This can be seen 

in the composite image in Figure C-22. The red arrows show the theme of failure progression 

radially and circumferentially overlaid on the forensics cross-sectional naming and fracture type. 
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Figure C-22. Pictographic Representation of Failure Progression Overlaid on Forensics Failure 

Mode Coloring 

Lastly, the strain distribution within the zinc is markedly different when considering only three 

failed wires versus 38 failed wires. The shape and magnitude of strain is compared in Figure C-

23, which shows that peak plastic strains are more than 4 times those of the pristine design when 

considering 38 failed wires. Note that, qualitatively, the shape of the zinc strain field is roughly 

similar to the cross section of cable that pulled from the socket during the failure event. 

 
Figure C-23. Plastic Strain Field Comparison between Three (left) and 38 Failed Wires (right) 
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C.8 Summary and Root Cause Based on Analysis Predictions 

A combination of the design factors of safety, local socket mechanics, and high dead load 

resulted in small or negative margins of safety for the critical outer wires adjacent to the failed 

socket termination. There was no structural margin to accommodate time-dependent mechanisms 

under sustained loading, additional loads from dynamic environments (e.g., thermal fluctuations, 

hurricanes, earthquakes), or degradation mechanisms such as corrosion. A hypothetical use case 

with a higher factor of safety (e.g., 4.0) predicts wire stresses below yield and reduced zinc 

yielding. In this case, the design is more accommodating of time-dependent degradation 

mechanisms and less sensitive to socket fabrication variability. 

A key question in this study examines why this socket failed versus others at Arecibo or across 

the industry. While many designs exist in industry that could potentially use similar factors of 

safety, the Arecibo Observatory application required that most of the tension load in the cable 

was dead load due to constant suspension of the receiver. Fluctuating loads do occur from wind 

and temperature, but these are a relatively small relative to the magnitude of dead load. In 

contrast, other civil structural applications of structural strand socket terminations (e.g., bridges) 

are designed for conditions where there are live loads and dead loads and the dead load is a 

smaller percentage of the peak load condition. Therefore, in those applications, the strength 

margins are effectively larger for a longer period of the hardware life and provide comparably 

more margin to resist time-dependent failure mechanisms.  

Despite the socket termination receiving a dedicated proof test, the intent of socket proof tests is 

not to screen for time-dependent degradation mechanisms such as creep, but rather to test gross 

manufacturing intactness by demonstrating an adequate bond between the wires and the zinc at 

the individual interfaces within the socket. Due to the low margins in this application, the design 

was less accommodating of time-dependent mechanisms (e.g., the creep-dominated failure 

mode) and the multitude of environments over 25 years that combined to erode already low 

margins until the point of failure. 

Finally, analyses were leveraged to investigate the possible sequences for progression of failure 

based on progressively increasing the number of failed wires. Results show qualitative 

congruence with forensic examination of the failed wires in the socket termination cross section. 

Failures of outer row wires lead to stress increases in the adjacent radial and circumferential 

wires, which propagates around the cross section until final zinc overload. 

C.9 Design Factors and Standards 

C.9.1 Insufficient Design Factor of Safety  

The design factors of safety and their role in the failure of socket joint are discussed in this 

section. The Aux M4N socket has a defined minimum rated breaking strength of the cable 

(1,314 kips) compared with the maximum survival cable load predicted by WJE’s analysis of 

720 kips [ref. 1]. This results in an effective design factor of safety of less than 1.83. Because 

insight into the exact factors of safety targeted in the original design and the original design 

analyses were unavailable, this section references the effective safety of 1.83, acknowledging 

that the actual safety factor targeted in the design may have been different. The following 

sections consider the Aux M4N socket in the context of design standards, live load to dead load 

ratio, factors of safety, analysis results, nonlinearity, and redundancy. It is postulated here that a 

1.83 design factor of safety for the cable in question was insufficient to protect for time-
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dependent creep-dominated failure modes and application in environments subject to hurricanes, 

earthquakes, and moisture. 

C.9.2 Design Standards 

The design upgrades involving the failed socket joint predated ASCE 19-96 [ref. 19], which was 

the requirements document governing the design of steel cables for buildings. Further, 

SEI/ASCE 7-02 [ref, 20] amends ASCE 19-96 steel cable design requirements. ASCE 19-96 was 

superseded by ASCE 19-10 [ref. 21]. While the inapplicability of ASCE 19-10 to the failed 

socket design is recognized, it is useful to discuss how current governing standards compare 

against this design. In the observatory application, the effective design factor was 1.83 or less, 

while current civil engineering design standards evaluate various combinations of loads (e.g., 

live loads, dead load) against a design factor of approximately 2.2. 

According to reference 22, there is open debate concerning the structural redundancies of cable-

stayed bridges (CSBs) and to what extent these structures are structurally sound under various 

extreme loading conditions. Table C-2, reproduced from reference 22, shows factors of safety for 

cables. 

Table C-2. Design Factors of Safety from Various Industry Standards [ref. 22] 

 

The selection of an appropriate design factor of safety for stayed cables is discussed in the 

literature, and it is argued that their selection depends on the ratio of live load to dead load stress, 

frequency of live load stress, fatigue, and corrosion, among other factors [ref. 22]. 

C.9.3 Qualification Methodology Discussion 

Correspondence with subject matter experts indicated that the only testing performed at the time 

of Aux M4N design was a single pull test to failure that demonstrated a breaking strength in 

excess of the required rated breaking strength of the structural strand. Subsequently, builds were 

production units for Arecibo, receiving only socket proof tests and no additional qualification-

type tests. No documentation of this qualification strength test was available for review. 

Standards
Design Factor of Safety 

for Stay cables of CSBs

Japan Road Association. Specifications for highway 

bridges: part II, steel bridges. Tokyo: Japan Road 

Association; 2017. Japanese.

2.5

EN 1993-1-11: Eurocode—3. Design of steel 

structures—Part 1–11: Design of structures with 

tension components. European standard. Brussels: 

European Committee for Standardization; 2006.

2.2

Post-Tensioning Institute. Recommendations for stay-

cable design, testing and installation. 5th ed. 

Farmington Hills: Post-Tensioning Institute; 2007.

2.22

Service d’Etudes Techniques des Routes et 

Autoroutes. Cable stays—recommendations of 

French interministerial commission on prestressing. 

Bagneaux Cedex: Service d'Etudes Techniques des 

Routes et Autoroutes; 2001. French.

2.174

International Federation for Structural Concrete. 

Acceptance of stay cable systems using prestressing 

steels. Report. Lausanne: International Federation 

for Structural Concrete; 2005.

2.2
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While zinc spelter sockets are not specifically aerospace structures, it is insightful to examine the 

recommended design/build process of the socket as though it were aerospace hardware. 

Aerospace industry standards such as SMC-S-016 and NASA-STD-5001 recommend the 

following: (1) fatigue/fracture testing demonstrating that the design is robust to the minimum 

detectable flaw size to at least four times the service life; (2) thermal cyclic tests; (3) vibration 

tests, (4) creep tests, (5) static strength tests, and (6) acceptance tests (e.g., proof test). This 

comprehensive verification methodology is of high importance in aerospace applications because 

factors of safety are typically lower than in civil engineering applications. 

Larger structural margins generally reduce the potential for fatigue and creep failure modes. In 

the Arecibo Observatory socket verification, the static strength qualification test did not 

explicitly consider other failure modes. Comparing the minimum breaking strength specified in 

the drawing (1,314 kips) and the WJE limit load calculation (720 kips), the effective test factor 

of safety was calculated as: 

Effective Qualification Strength Factor = (1314 kips)/(720 kips) = 1.82 

The acceptance test is performed at half the breaking strength, so the effective proof test factor is 

calculated as follows: 

Effective Proof Test Factor = (657 kips)/(720 kips) = 0.91 

In aerospace applications, the proof test factor is typically required to be >1.0 to demonstrate the 

hardware’s capability of enduring greater than limit-load-level loading. In some instances, 

specifically fatigue and creep are critical, the chosen qualification and proof test factors are 

significantly greater than 1.0. For the Aux M4N socket in question, a proof test factor of 0.91 

may demonstrate the no grossly unacceptable manufacturing conditions exist, but no credit can 

be taken for demonstrating margin to life or other deleterious failure modes. 

Potential shortfalls of Aux M4N design/build verification include: 

1. Proof test factor was <1.0. 

2. Incomplete identification of failure modes associated with the Aux M4N socket. Potential 

failure scenarios include intra-material (e.g., adhesive failure between steel rope and zinc) or 

inter-material (e.g., crack propagation within the zinc itself). An analog to the design can be 

found with structural composites, particularly those that include face sheets bonded to a core 

material. In such cases, qualifying the design for life may entail dedicated subcomponent 

tests.  

3. Socket joint fabrication is sensitive to workmanship. Testing just a single unit, as is often 

done for aerospace hardware, may not be appropriate. Instead, the sample size should be 

large enough to account for lot-to-lot variability considering material, human, and process 

elements. In the aerospace community, manufacturers often establish expected strength based 

on multiple specimens pulled from multiple builds. For such process-sensitive components, 

workmanship testing is critical. It may be the case that the socketing community possesses an 

additional body of data related to this topic, but nothing specific was made available to the 

authors of this investigation. 

C.9.4 Redundancy 

Per ASCE 19-10 Section 3.1.1, cable system structures should be configured to maximize 

structural redundancy, and failure or malfunction of any one local component should not result in 
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structural collapse. For example, in one structural application, the City of Chicago Department of 

Buildings required that structural engineers review the redundancy of a structure, and the city 

established criteria requiring the investigation of instantaneous cable failure and associated 

effects [ref. 23]. It is argued here that the concept of redundancy must be demonstrated for 

sufficient duration such that corrective actions can be implemented to prevent total collapse. 

Failure of a single element delaying Arecibo Observatory collapse by several weeks or months is 

not sufficiently redundant for corrective action to occur. 

While reference 22 was not peer reviewed by NASA or The Aerospace Corporation, there are 

some conclusions worth noting relative to structural redundancies and factors of safety of CSBs. 

In reference 22, simplified FMEs of bridges were developed, and static analyses were conducted 

to study redundancy through a parametric study of the safety factor. The effects of overloading, 

cable loss, and corrosion on the structural redundancy of both bridges were investigated. The 

reference indicates that CSBs are sufficiently redundant at a safety factor of 2.5, and that a safety 

factor of 2.2 yields minimum structural redundancy for a CSB under normal loading conditions. 

However, it is noted that a CSB can lose its redundancy significantly at 2.2 in the case of an 

unexpected rupture/collapse of a stay cable.  

Despite the Arecibo Observatory load ratios being proportionally different than CSB designs, the 

conclusions in reference 22 point to a potential deficiency in the observatory design due to lack 

of structural redundancy, especially considering the observatory’s comparably low safety factor 

(~1.83) and exposure to extreme conditions (e.g., hurricanes, earthquakes). Failure of the main 

cable in the Arecibo Observatory application resulted in an eventual catastrophic collapse, 

indicating lack of structural redundancy. 

C.9.5 Live Load to Dead Load (LL/DL) Ratio 

In typical design, dead loads are much more certain and predictable than live loads. In the 

observatory application, the source for most of the cable load was from dead loads. Live loads 

from operation and thermal transients were a small percentage of the total cable load. Apart from 

live loads, extreme environments (e.g., winds and earthquake loads) contribute to the total cable 

load and had to be considered in the observatory’s cable upgrade designs. The LL/DL ratio, its 

relationship to the factor of safety 1.83, and the role in the observatory failure event are further 

explored. 

While the observatory was not designed per ASCE 19-10 [ref. 21], it is instructive to understand 

how the observatory design compares with this design standard. ASCE 19-10 indicates that 

temperature effects on cables, vibrations, deflections, and erection analysis must be evaluated for 

cable structures. The ASCE standard also states the minimum breaking strength of cables shall 

always be at least twice the maximum cable design loads, including the envelope of loading 

combinations of cable self-weight, structure dead load, cable pre-stress forces, and live-load and 

environmental-load combinations. Cables also should maintain a minimum tensile force under all 

loading conditions to minimize visible cable sag and the potential for induced cable vibrations. 

Table C-3 describes five of nine examples of various load combinations required in the 

evaluation. 
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Table C-3. Load Factors required in Evaluation of Load Combinations 

Combination Deadload 
Live 

Load 
Pretension Wind Earthquake Erection Rain 

T1 1.0 0 1.0 0 0 0 0 

T2 1.0 1.0 1.0 0 0 0 0 

T3 1.0 0 1.0 0 0 0 1 

T4 1.0 0.75 1.0    0.75 

T5 1.0  1.0 0.6 (OR) 0.7 (OR)   

There are four other combinations in ASCE 19-10 not listed in Table 7.4.4-1. The largest load 

combination multiplied by 2.2 should not exceed the cable nominal breaking strength. Other 

reduction factors may be applicable that require consideration per ASCE 19-10, but these are not 

discussed here. 

For the Arecibo Observatory, the cable final load is 602 kips for dead loads and potentially 

includes pre-tension. Under operational conditions (e.g., live load) the cable tension load is 615 

kips. Survival cable load, which presumably includes loads from hurricanes and earthquakes, is 

622 kips. Based on these loads, it is not possible to meet the ASCE 19-10 design factor of 2.2. 

With the WJE maximum predicted cable load of 720 kips, the gap is even wider against this 

standard. 

Further, based on The Aerospace Corporation’s FEM, the operational loads of the observatory 

cause the outer wire stress to approach the strength capacity of the wire at nearly half the rated 

cable breaking strength of 1,314 kips and remain high for the service life (+20 years). The zinc 

within the socket is also under sustained shear loads that continuously cause the outer wire 

stresses to increase. Per ASCE 19-10 [ref. 21], creep in cables can occur even after pre-

stretching. High stress levels relative to the breaking strength will result in a creep rate that can 

increase the wire strains over time, thus limiting the ability to accommodate other environmental 

effects stemming from cyclic loading and corrosion. 

This analysis postulates that the observatory design was susceptible to creep more so than a CSB 

design. This will be illustrated via an example that considers roughly the same cable design load 

as the observatory but approportionates a greater live load percentage of the total cable load 

compared with that of the observatory. In many CSB designs, live load tends to be a sizeable 

portion of the (LL+DL), for example, in reference 22, an LL/DL ratio of 0.45 was used in the 

analysis of the bridge design, while an LL/DL of 0.67 was used in reference 24. 

Adapting the dead load ratio for the sake of example, consider a hypothetical socket design 

application where the dead load and pretension cable load is 350 kips, live loads are 150 kips, 

and the survival loads due to wind are 170 kips. The only sustained loading is the dead load and 

pre-tension of the cable. Based on the socket joint FEM, this results in an outer wire stress level 

of 175 ksi, which is near the yield strength of the individual wires without significant yielding 

observed. Creep due to sustained loading at this level will result in a lower creep rate than in the 

Arecibo Observatory application and leave more capability in the wires to accommodate other 

time-dependent effects (e.g., creep). In this example, the design load combination per T5 is still 

620 kips, similar to the Arecibo Observatory application. 
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C.9.6 Cable Nonlinearity  

Cables exhibit both geometric and material nonlinearities during operation. Cables are 

inelastically prestretched until individual wires settle into their final positions at a high 

percentage of their minimum breaking strength, which allows them to behave more predictably. 

Gossen [ref. 25], an expert in cable design, discusses the incongruency of how factors of safety 

are used in conjunction with the working stress design (WSD), where the stress, force, and 

deformation behaviors are assumed to be linear even though the behavior of the cable is 

nonlinear. Gossen reports that the factor of safety is intended to account for accidental overloads, 

material variability, and fabrication imperfections. Note that the intended purpose of safety 

factors is inconsistent across industries. The argument made by Gossen is that due to the 

nonlinear nature of the cable, the structural margins remaining against overload can vary 

significantly and remain indeterminate unless the structure is analyzed beyond nominal 

conditions. In most standards, the loads effects are superimposed with varying amplification 

factors, but this is not applicable for nonlinear cables. 

To illustrate this point, an independent FEM of the socket joint was developed to understand the 

relationship between stress and the load applied for two zinc material models. The rated breaking 

strength of the cable is 1,314 kips, so at half the breaking strength a linear stress response of the 

wire is expected. However, due to the complexity in the geometry and the nonlinear behavior of 

the zinc and the wires, the outer wire stress approaches the ultimate strength at half the cable 

breaking strength and exhibits a nonlinear response at one-fourth of the breaking strength of the 

cable, as shown in Figure C-24. The model illustrates a nonlinear scaling of outer wire stress to 

load applied.  

 
Figure C-24. Stress Response in Wire is Nonlinear with Increasing Applied Tension Load 

The finite element results confirm the thesis by Gossen [ref. 25] that “the ultimate load approach 

may result in individual cables stressed beyond their accepted level under service loads, while 

still satisfying the ultimate load design requirements. It is apparent that the analysis and design of 

F-32. Socket joints in the Arecibo Observatory application were subjected to a relatively 

higher percentage of sustained cable load versus total load compared with a survey of 

bridge designs, increasing susceptibility to creep. 
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these structures can be much more laborious than what is common in the design and analysis of 

conventional structures.” 

C.9.7 Design Factors of Safety 

ASCE 19-10 [ref. 21] requires a minimum design factor of safety of 2.2 for steel cables. WJE 

[ref. 1] conducted a survey of the factors of safety required by other standards and stated: 

“AASHTO Movable Bridge Specifications provides for cable factors of safety of 

between 4 and 8 depending on the function of the cable, while the U.S. 

Department of the Interior Bureau of Reclamation suggested a factor of safety of 

5 for hoisting ropes due to the expected application of frequent dynamic loads and 

possible abrasion during normal service applications.” 

The Crosby Group design manual for socket designs indicates a factor of safety ranging between 

3 and 5 depending on the specific application [refs. 26-28]. 

Returning to the FEM of the Aux M4N socket, one-fifth of the rated breaking strength of the 

cable is 262 kips, and the outer wire stress at this load is well below the yield strength of the 

wire. The nonlinearity in the stress response at this cable load is associated with the zinc 

behavior and unrelated to material plasticity. At one-third the rated cable breaking strength, the 

outer wire stress exhibits mild yielding. This further supports the use of a higher factor of safety 

than the 1.83 used in this application. 

In typical design, dead loads are much more certain and predictable than live loads. In the 

observatory application, the source of most of the cable load was dead load. Live loads from 

operation and thermal transients were a small percentage of the total cable load. Apart from live 

loads, extreme environments such as winds and earthquake loads contribute to the total cable 

load and had to be considered in the observatory’s cable upgrade designs.  

 

C.9.8 Summary 

Wire stress does not scale linearly with increasing cable load, so applying standard factors of 

safety to cable designs results in uncertainty regarding whether the cable is structurally robust. 

The complexity in this evaluation is compounded by the known socket-to-socket fabrication 

variability. 

Design standards and literature point to the importance of designing in structural redundancy 

when employing stayed-cable socket designs. It is recognized, however, that the level of 

redundancy to which the Arecibo Observatory was intentionally designed is unknown, and it is 

possible that the observatory was never meant to be redundantly designed in the first place. 

Nevertheless, a study on bridges found a factor of safety of 2.5 can yield sufficient redundancy in 

CSBs. The observatory application used a value of 1.83 against maximum cable load, but as soon 

as one socket failure occurred, other cables eventually failed. The collapse of the structure 

indicates the lack of structural redundancy and is consistent with the use of a lower factor of 

safety. 

F-33. The Arecibo Observatory had an effective design factor of safety of ≤1.83, which is 

significantly less than the minimum suggested by literature (i.e., >2.1) to ensure 

structural redundancy in the event of cable failure. 
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The 1.83 factor of safety in the observatory application is below cable factor of safety 

recommendations in the AASHTO Movable Bridge Specifications [ref. 29], the Crosby Group 

design manual [ref. 26], and various ASME standards. If the recommended higher factors were 

used in the observatory cable designs, then the outer wire stress would have been below the yield 

strength of the material and would have been more likely to accommodate creep, fatigue, and 

corrosion failure mechanisms. 

Finally, the dead loads in the Arecibo application were a significant percentage of the total cable 

load compared with CSBs, where live loads can be a larger percentage of the total cable load. 

For the same cable load, the observatory application had higher sustained load over 25 years 

compared with a bridge design, resulting in higher creep rates and leaving no structural margin 

for cyclic loading from hurricanes and earthquakes. Further, the observatory application had 

lower structural margins to ASCE 19-10 [ref. 21] compared with a generic bridge design. 
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Appendix D. Arecibo Reference Drawings, 1992 
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