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ABSTRACT

This report summarizes the development, testing and analysis of hybrid

composite/metal connections and hybrid structural systems under the Modular Advanced

Composite Hullform (MACH) project. The MACH project, funded by the Office of Naval

Research, is part of a joint effort between the University of Maine, Navatek of Honolulu,

HI, and Applied Thermal Sciences (ATS) of Sanford, Maine, and is performed in

conjunction with the Naval Surface Warfare Center at Carderock, MD (NSWCCD). The

primary motivation for the work summarized herein is to provide alternatives to

conventional hull construction techniques and conventional hull forms by using modular

hybrid construction methods. Included is a description of tests performed on sub-scale

hybrid bolted connections, where the objective was to develop watertight connections for

removable panels. An experimental study was conducted to quantify the performance of

numerous hybrid joints with various geometries, loaded in flexure. The test results showed

that for resisting bending loads, joints with doubler plates can be made stronger and

rotationally stiffer than standard bolted joints, while also mitigating opening of the joint,

thereby improving the ability to seal the connection for watertight integrity.

The results of this study were used to select a connection geometry, which was

incorporated into the hydrostatic testing of a full-scale four-panel assembly. Testing of the

assembly is described in this report and shows that a linear response of the system was

observed up to its design pressure load of 82.74 kPa. Damage initiated as stiffener

delamination at 1.4 times the design load. After failure of several stiffeners, the hybrid

assembly withstood up to 3 times its design load without leakage. Hence, the response of

the hybrid joint employed was deemed successful.

Numerical analysis of the connections and assembly are also presented. Simplified

shell finite element models were developed at both local and global levels. These models

were for estimation of the joint stiffness and good correlation with the test results was

observed. Strength of the system was predicted using detailed plane strain contact models

to capture the three-dimensional effects of the connection.
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1. INTRODUCTION

1.1. Overview

The work presented herein was performed under the Modular Advanced

Composite Hull-form (MACH) project, which focused on the development and testing of

hybrid composite/metal structural systems for naval ship applications. The MACH

project, funded by the Office of Naval Research, is part of a joint effort between the

University of Maine, Navatek of Honolulu, HI, and Applied Thermal Sciences (ATS) of

Sanford, Maine and is performed in conjunction with the Naval Surface Warfare Center

at Carderock, MD (NSWCCD). The mission of the MACH program is to develop

technology for fast efficient surface vessels that use the addition of underwater bodies

attached to a more traditional hull-form. The primary motivation for the work,

summarized herein, is to provide alternatives to conventional hull construction techniques

and conventional hull-forms by using modular hybrid construction methods. One goal cf

the MACH project is to develop a methodology for design and construction cf

lightweight hybrid composite/metallic hull forms to be used on high-speed ships. The

goal is to deploy ships where more payload and/or higher speeds can be achieved at little

or no additional power consumption and with excellent sea keeping ability.

The implementation of composite materials in conjunction with metals into hybrid

structural systems is currently being developed in several key applications such as ships,

aircraft and other transportation vehicles. One example found in ship structures is where

E-Glass/vinyl ester (EG/VE) composites are connected to a metallic framework, in order

to enhance their functionality and environmental resistance. Hybrid systems such as this,

where metals are used as the backbone of the structure and composites are used for the

bulk of the system, are of particular interest. A hybrid structure can potentially be more

advantageous than a single material system when cost, maintenance, weight, and

structural performance are considered simultaneously.

Traditional hull-forms, however, have been constructed using steel and aluminum.

Using metals for hull-form construction typically has made it difficult and costly to

achieve complex hydrodynamic shapes, which in turn has led to higher structural weight.
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Concerns over cost, weight, stealthiness and corrosion have led designers to look at

advanced materials for hull form construction. Although very good in fatigue, carbon

steel, for instance, is magnetic, dense and highly susceptible to corrosion when at sea,

which translates into higher maintenance costs. Stainless steels solve the magnetic

signature and corrosion issues, however they are typically costly. Aluminum, although

lightweight, corrosion resistant and non-magnetic is prone to fatigue failures. In light of

these disadvantages, advanced composite materials have emerged as a viable alternative

to the conventional hull construction methods. Accordingly, EG/VE systems are of

particular interest for large ship structures, provided that they can lead to superior

hydrodynamic shapes, weight reduction and higher speeds. Additionally, using

composites for the bulk of the structure could help achieve a more stealthy and corrosion-

resistant structure. That being said, recent research such as Barsoum [2003] and Boyd

[2004] have pointed to the difficulties associated with construction of an all composite

naval vessel. Hence, the hybrid composite/metal concept has emerged as a viable

alternative.

During the last few decades, the shipbuilding industry has been investigating

innovative designs and manufacturing methods as a way to achieve greater performance

and to reduce maintenance costs. For example, Navatek, Ltd., of Honolulu, HI, has

successfully built experimental ships that incorporate lifting bodies, in order to provide

enhanced sea-keeping through reduction in motions, higher lift-to-drag ratios, and greater

compatibility with multiple hull types. The MIDFOIL, shown in Figure 1.1, is one

example of these ships.

As a way to solve the issues that have slowed the development of the next

generation of hull forms, the University of Maine (UMaine) teamed up with industry and

Navy partners, in order to develop innovative, modular hull construction techniques for

naval and civilian applications. This effort involving Navatek, ATS and NSWC-CD

centered upon the case of applying hybrid construction to an underwater lifting body.

The multi-year effort was named the Modular Advanced Composite Hull-form project

(MACH). The collective project goal was to develop modular hull construction

techniques for fast surface ship and hybrid hull applications.
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Figure 1.1. Hybrid High-Speed Vessel, MIDFOIL

1.2. Project Background and Objectives

The MACH concept was developed as a blending of marine and space

technologies, as illustrated in Figure 1.2. Conventional composite ship construction was

being used at the inception of this project in 1999, as demonstrated in Figure 1.2a. The

composite MIDFOIL displacement pod was constructed in a monolithic fashion, as

shown in Figure 1.3. This method has led to smooth hydrodynamic shapes, but has made

internal access to the lifting body and ship hull a difficult task. Also, these vessels were

designed for proof-of-concept testing and improvements are required if they are to be

scaled up in size and deployed for long-term military or commercial use.

The panelized construction concept with removable panels was inspired by work

conducted by the University of Maine in support of NASA's X-38 crew return vehicle

project (Figure 1.2b). The highly complex outer shape of this spacecraft was attained by

a system of composite panels over a metallic structural frame. The concept behind the X-

38 structure led the University of Maine and Navatek to propose a panelized construction

concept for advanced high-speed vessels. This transformed into the MACH concept,

shown in Figure 1.2c, where complex shaped composite panels are joined to a metallic

structural framework by bolting, adhesion, or welding of sub-components.

3



a) MIDFOIL Displacement Pod b) NASA X-38 Panelized
Composite Outer Structure

+ +

- Conventional composites - Modular construction with removable panels
- Internal access is difficult - Successful implementation

c) MACH Concept

Simple structural
framework

Complex shaped
composite panels

- Internal access enabled

Figure 1.2. The MACH Concept: Blending of Marine and Space Technologies

Figure 1.3. Monolithic Composite Construction
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The overall objective of the MACH effort was to develop and demonstrate hybrid

composite/metal systems and joining concepts for naval ship hull applications. The core

of the project aimed at developing hybrid systems consisting of composite structural

sections attached to a metallic supporting structure. By combining composite and

metallic components, it is possible to take advantage of the beneficial properties of each

material. In general, the complex shapes required for advanced ship designs will benefit

from the use of composite materials in construction. This technology was demonstrated at

both the joint sub-component level and at the hybrid system level as summarized in this

report.

A schematic of the proposed MACH method for construction of a hybrid

composite/metal version of an underwater lifting body with removable panels is shown in

Figure 1.4. The concept consists of modular panels, made of composite materials,

attached to a metallic sub-frame, by means of a bolted connection. The composite panel

designs can be monocoque (unstiffened), rib-stiffened or sandwich construction,

depending upon the geometry and loading requirements. The panels must be able to

withstand the applied loads, while maintaining watertight integrity. The primary

advantages of the MACH concept are summarized as follows:

1) Advanced hull shapes can be achieved due to the extensive use of composite

materials for the bulk of the structure,

2) Use of composite panels instead of metallic skins is expected to decrease

the overall weight of the system, which would make high-speed surface ships

faster and more efficient for a given payload,

3) Modularity of the system (use of removable panels) would improve access to

the hull and lifting body, which in turn would allow for ease of maintenance of

equipment housed inside the lifting body, and

4) Use of a stiff metallic skeleton will facilitate the attachment of propulsion

equipment, while providing structural integrity.
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S / Water resistant

skin

Composite panel
Metallic [

sub-frame

Bolted connection to
metallic sub-frame

Figure 1.4. Composite Panels over Metal Framework for Ships.

1.2.1. Previous Work Performed Under the MACH Project

Several tasks were undertaken under the MACH effort which include: 1) Design

and implementation of an underwater lifting body; 2) assessment of stress relaxation in

composite bolted connections; 3) assessment of adhesives in connections; 4) study of

cavitation erosion resistant systems; and 5) study of a hybrid system for the Sea Flyer

lifting body. Along with construction of an underwater body by Navatek these efforts

were compiled into prior reports, which are summarized as follows:

1) Detection of Bolt Stress Relaxation in Hybrid Bolted Connections by Mewer, Vel
and Caccese [2003].

2) Mechanical Testing of Epoxy Adhesives for Naval Applications by Boone and
Caccese [20031.

3) Influence of Stress Relaxation in Hybrid Composite/Metal Bolted Connections by
Pelletier, Caccese and Berube [2005].

4) Development of a Cavitation Erosion Resistant Advanced Material System by
Light and Caccese [2005].

5) Design and Analysis of a Hybrid Composite/Metal Structural System For
Underwater Lifting Bodies by Thompson, Walls and Caccese [2005].
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1.2.2. Lifting Body Case Study

Navatek Ltd. has built and deployed numerous experimental and commercial ships

that incorporate lifting bodies, in order to provide enhanced sea-keeping through

reduction in ship motion, higher lift-to-drag ratios, and greater compatibility with

multiple hull types. The lifting body used on the Sea Flyer, shown in Figures 1.5 and 1.6,

was a baseline for study in this MACH program. The Sea Flyer is a modified Surface

Effect Ship, the (SES-200), which was reconditioned and retrofit with an underwater

lifting body as shown in Figure 1.6. The MACH research team studied a hybrid version

of the lifting body used on this vessel.

Figure 1.5. SEA FLYER (photo courtesy of ONR via www.military.com)

Figure 1.6. Underwater Lifting Body (photo
courtesy of Navatek via www.military.com)
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1.3. Objectives

The objective of this effort is to quantify the structural response of a hybrid

composite/metal structural system with removable panels. The development of hybrid

structures requires extensive research prior to their application. A robust and reliable

hybrid structure depends upon an adequate connection between composites and metals.

It is imperative to understand the inherently non-linear behavior of these joints, the

interactions between the constituents, and the structural response in severe environments.

Both analytical and experimental studies were performed, including testing at the

sub-component and component level. The intent was to perform a case study of the

design and development of hybrid connections and a hybrid structural system

implemented on an existing lifting body design. The main research goals of the work

presented herein are as follows:

1) Structural testing of hybrid composite/metal joints. The current effort

includes testing of various joint configurations at the sub-component level.

2) Hydrostatic testing of a large-scale, hybrid panel assembly to demonstrate the

applicability and watertight integrity of hybrid joints at the component level.

3) Develop a simplified approach to model hybrid joints in large-scale structures,

by using finite element analysis.

1.4. Scope

Section 2 of this report provides a summary of the pertinent literature on hybrid

systems, hybrid connections and bolted composite connections. Presented in Section 3 is

a comprehensive experimental study performed to quantify the response of hybrid joints

with different connection geometry. Connection details were chosen for their potential to

be watertight and cost effective. A relative assessment of the structural response of these

joints, loaded in flexure, is provided. This laboratory study served as a precursor to more

complex and costly component panel studies, and as a verification tool for local finite

element models of hybrid joints. Section 4 deals with the hydrostatic testing of a full-
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scale, four-panel assembly. The modular panel assembly incorporated a hybrid joint,

which was selected based on the sub-component joint test results. The assembly was

loaded to failure, using uniform water pressure. This test served as verification of the

design of the hybrid panel assembly, as well as proof of the joint concept and

demonstration of the fabrication details and techniques using a VARTM process.

Additionally, these results are used to verify the global finite element models.

Finite element analysis as presented in Section 5 was conducted in order to devise

a simplified approach for modeling hybrid joints in large-scale structures. Models were

validated using the experimental data available for both local and global systems.

Parametric studies were conducted to observe the sensitivity of the structural response to

changes in the joint geometry.
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2. Literature Review

2.1. Naval Structures and Composites

The use of advanced composite materials in structural applications has been on

the increase during the past several decades. In marine structures, composites have been

used in small vessels and are potentially feasible for superstructures, decks, bulkheads,

propellers, and other equipment on large ships. For large vessels, however, the

implementation of composites for ship hull structural components is currently at the

developmental stage. Increased use of composites has arisen with the intention to

improve the structural performance of ships, while reducing manufacturing and

maintenance costs. The numerous potential applications of composite materials for naval

structures were outlined by Mouritz et at. [2001], and are illustrated in Figure 2.1 for a

naval surface vessel.

According to Black [2003] and Kimpara [1991], modem naval ship designs have

been primarily concerned with achieving lighter, faster, lower maintenance and more

stealthy structures. Speed can be increased by the use of advanced propulsion systems,

reducing structural weight and by implementing innovative complex shaping of the hull-

form. Advanced materials and structural systems are required to achieve these goals. In

turn, a departure from traditional hull construction methods, which primarily use

aluminum and steel, is necessary. Mouritz [2001] stated that replacing metallic naval

vessels and components with composites is a difficult and slow process, given that metals

perform very well in most applications, Currently, complete composite hull sections can

be found in relatively small naval ships, such as patrol boats and corvettes, or non-

structural, non-critical components in large ships.

A paper by Gullberg and Olsson [1990] describes carbon fiber construction

methods to manufacture various types of ships in Sweden. Chalmers [1994] has stated

that, although the technology of composite materials in the marine industry is considered

to have matured sufficiently, extensive research, empirical data and complete design

guidelines are still required in order to safely and efficiently incorporate composite

materials into larger-scale applications. This is particularly true when considering the

10



implementation of hybrid composite/metal components for long-term, commercial or

military applications.

D1Actf (D) *a.~ratOC

Figure 2.1. Applications of Composite Materials for Naval Structures [Mouritz, 20011

2.2. Material Systems and Manufacturing Methods

Ship structures are generally large and, in turn, require a vast amount of material

for their construction. An efficient hull-form structure must be lightweight and stiff, in

order to maintain its shape while resisting the applied loads. In addition, the structure

must be fatigue, impact and shock resistant. To achieve these goals, it is essential to

choose a low cost-per-pound material system and a manufacturing process that performs

to requirements. One of the primary cost drivers in developing advanced hull-forms with

conventional techniques is the metal forming of complex shapes. Using metals for the

bulk of the structure has made it difficult to achieve complex hydrodynamic shapes.

Hybrid composite/metal systems have emerged as a viable alternative to conventional

construction and manufacturing methods, due to the ease of manufacturing complex

shapes at relatively little incremental cost, when compared to fabrication with metals.

E-Glass/vinyl ester (EG/VE) systems are of particular interest for large ship

structures, since they can lead to weight reduction and complex curvatures. Some of the

major advantages of EG/VE systems, as outlined by Chu et al. [2004], are: 1) corrosion

resistance; 2) relatively high ultimate failure strains; and 3) damage tolerance. Recently,

much emphasis has been placed on the use of (EG/VE) systems, manufactured using a

vacuum-assisted resin transfer molding process (VARTM). This process offers good

strength characteristics which can be achieved at a much lower cost than, for example,

11



aerospace grade carbon fiber composites. As discussed by Critchfield and Judy [1994],

the U.S. Navy has demonstrated the applicability of VARTM as a low-cost process for

fabricating high-performance composite ship structures, including monocoque, single-

skin stiffened, and sandwich configurations. Using composites for the bulk of the vessel

could help achieve a more stealthy and corrosion-resistant structure, especially when used

in combination with corrosion-resistant metals, such as stainless steel and aluminum.

In spite of their apparent advantages, Barsoum [2003] stated that composites

alone lack the stiffness and strength to adequately withstand the loads of a large ship

structure. Furthermore, in a quasi-isotropic lay-up, the elastic modulus of an EG/VE

system is nearly one order of magnitude less than steel. The stiffness mismatch between

composites and metals poses a great challenge when joining of these dissimilar materials.

These observations will potentially cause designs that are typically performed on a

strength basis, to become stiffness-driven, particularly when equipment requirements set

a lower bound on the natural frequencies of the structure. For instance, a study by Aim

[1983] estimated that a 50-m composite naval ship was 2.4 times less stiff than its steel

counterpart. Similarly, an article by Boyd [2004a] states that an all composite ship

structure greater than 150 meters is currently unfeasible, and that the application of

hybrid composite/metal construction needs to be explored further.

2.3. Hybrid Structures for Marine Applications

To alleviate the lack of stiffness of composite materials alone, the hybrid structure

concept has arisen as a potential solution, where composites are used for stealth, weight

savings and reduced maintenance purposes, and metals are used to achieve structural

integrity. Barsoum [20031 discusses one example of this concept, where non-magnetic

stainless steel is used in combination with composites in order to create hybrid hull-forms

with low electromagnetic signatures.

Berube and Caccese [1999] identified a major type of hybrid structural system,

which incorporates composite panels as skins attached to a metallic sub-frame, as shown

in Figure 2.2. The composite panels can be monocoque (unstiffened), rib-stiffened or

sandwich construction, depending on the geometry and loading requirements. Recently,

Grenestedt and Sause [2005] tested a vierendeel truss version of this system using

12



composite sandwich panels over an AL6XN stainless steel frame. Another type of hybrid

system consists of complete composite sections attached to metallic sections as described

by Barsoum [2003]. An example of this system is the composite bow and stem shown in

Figure 2.3, where composite sections are attached to an advanced stainless steel double-

hull structure. In this case, the use of composites is advantageous due their ability to be

shaped into the complex curves typically required for the bow and stern sections in

advanced hull designs. Also, the potential weight reduction in the composite sections can

mitigate shock loads.

Curved Panel Placed
over Framework

3-D Sub-frame

Figure 2.2. Composite Panels Attached to a Metallic Sub-Frame [Berube and
Caccese, 1999]

ADH lAd-
Body

~ Composite
Bowl Stern

Figure 2.3. Composite Sections Attached to Metallic Sections
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Due to the lack of availability of specific design guidelines for structures involving

composite materials, the development of hybrid structures requires extensive research

prior to their application. A robust and reliable hybrid structure relies upon the adequate

connection between its composite and metallic components. Hence, a critical issue in the

design of these structures is the joining of composite sections to metallic sub-structures

[Dodkins et al. (1994), Pei and Shenoi (1996), Clifford et al. (2002), and Cao and

Grenestedt (2003)]. In order to provide a safe design, it is imperative to understand the

inherently non-linear behavior of hybrid joints, the interactions between their

constituents, and the structural response in severe environments.

2.3.1. Connections in Hybrid Structures

The application of hybrid composite to metal structures has been gaining

momentum over the past several years. Accordingly, hybrid composite/metal

connections are required that can withstand the applied loads and other environmental

effects. Connection details are application specific, especially for cases where

composites need be connected to metal structures. Several studies have emerged recently

with regard to ship applications of composite/metal joints. Cao and Grenestedt [2003]

describe the testing of a sandwich panel to metal interface, where they looked at the

change in structural response with embedment depth of the interface. They concluded

that placement of the steel has a significant effect on the strength and should be moved

away from the point of stress concentrations. Boyd et al. [2004a, 2004b] describe an

embedded metal joint connecting a composite sandwich panel to a steel deck for a

helicopter hangar. In this application, a steel plate was embedded at the end of a tapered

composite sandwich section panel made from FRP skins and a balsa core. The fatigue

life and residual strength were evaluated for this joint.

2.4. Bolted Joints

Mechanical joints are the preferred method to assemble structural members in

cases where removable sections are required. Their main advantage over other

techniques is that it is easy to disassemble the structure, which facilitates maintenance

and allows for replacement of damaged parts. Researchers have conducted numerous
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studies on composite bolted joints to identify the key parameters affecting joint

efficiency. In particular, it is necessary to understand the mechanisms that induce

damage and the loads at which failure occurs. The single-bolt configuration, regardless

of the type of lap joint, is the most commonly used configuration for experimental and

analytical studies found in the literature. However, in the majority of practical

engineering applications, multi-row bolted joints are used to transfer loads between

components.

Bolted joints are critical structural regions and must be properly designed so that

the desired performance from the overall structure is obtained. Because of large stress

concentrations, joints can become a source of weakness if proper design practice is not

followed. Accordingly, failures typically occur at connections and interfaces, rather than

within the bulk of the system. To provide a safe and cost-effective joint design, it is

typical to configure the joint with respect to the geometry and the constituent materials,

which affect both strength and failure modes.

The simplest type of mechanical joint is the single-lap joint, shown in Figure 2.4,

in which two members are joined together by using a bolt or rivet. The key geometric

variables used in design are: hole size (h), bolt diameter (d), end distance (e), width of the

member (w) and member thickness (t). While this joint scheme may be the most weight

efficient due the few parts involved when loaded in-plane, the eccentric load path induces

undesirable bending moments, commonly known as secondary bending. According to

Vangrimde and Boukhili [2003], secondary bending typically leads to lower strength

values. In order to mitigate the moment caused by the load eccentricity, the double-lap

joint configuration, shown in Figure 2.5, was introduced. The double-lap connection

requires at least two fasteners and two doubler plates. Bending moments will not be

introduced when this connection is subject to in-plane loads.
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Figure 2.5. Bolted Joint: Double-Lap Configuration

2.4.1. Hybrid Composite/Metal Bolted Joints

Joining composite materials and metals is more complex than joining isotropic

materials, due to the interfaces, material property mismatch, large number of possible

lamination configurations and the difficulty to accurately predict failure loads. Since

most isotropic metals exhibit plastic behavior, yielding may occur in regions of high

stress and shift some of the load resistance to lower stress regions. On the other hand,
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composites are generally elastic until failure occurs, and stress concentrations may give

rise to catastrophic and unexpected failures.

The apparent difficulties in composite joint designs and the potential

consequences of in-service joint failures result in the use of large factors of safety. There

is a constant need for more detailed information about the behavior of these joints in

order to improve the design methods. A comprehensive report on joint design for naval

vessels was compiled by Bonanni et al. [2001], in which joint design guidelines for naval

ship construction and multiple examples of hybrid connections are presented.

2.4.2. Failure Modes in Composite Bolted Joints

Failure modes in composite bolted joints have been well documented in the

literature. Vangrimde and Boukhili [2003], Persson and Eriksson [1999], Camanho and

Matthews [2000] and Ireman et al. [2000] are some examples. Failure is typically

divided into macroscopic and microscopic categories. Macroscopic failure refers to a

damage state at which a structure is no longer able to withstand an increase in the applied

loads. This type of failure is readily observable and indicates a significant loss of

stiffness. In other words, macroscopic failure is considered to be the final stage in the

damage development process. In bolted composite laminates, the prominent macroscopic

failure modes are: net-section, bearing, shear-out and bolt failure.

The net-section mode, depicted in Figure 2.6, refers to failure transverse to the

direction of the bolt load and is mainly initiated by tangential and compressive stresses

acting at the edge of the hole. For a joint subjected to uniaxial loading, net-section failure

typically occurs when the ratio of by-pass load (load applied to the plate) to bearing load

(load going through the bolt) is high, or when the ratio diw (bolt size to plate width) is

high.

Bearing failure, shown in Figure 2.7, consists of damage to the area near the

contact region between the laminate and the bolt, and is a direct result of the compressive

stresses acting on the surface of the hole. The bolt pre-load (lateral constraint) strongly

affects this mode, since lateral constraint prevents delamination and buckling of the

fibers. Bearing occurs when either the ratio of the bearing load to the by-pass load is

high or when the wid ratio is high.
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Figure 2.6. Net Section Failure Mode

Figure 2.7. Bearing Failure Mode

Shear-out failure occurs along shear-out planes on the boundary of the hole in the

principal direction of the bolt load, as shown in Figure 2.8. This mode is most common

for joints with short end distances (e). However, it may also occur for highly orthotropic

laminates, regardless of the value of e. Shear-out failure can be avoided by an

appropriate selection of lamination scheme and end distance.
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Figure 2.8. Shear-Out Failure Mode

The bolt failure mode, shown in Figure 2.9, occurs as a consequence of high shear

stresses in combination with bending stresses in the bolt. This mode typically occurs as a

secondary failure, following the onset of bearing failure.

Figure 2.9. Bolt Failure Mode

In joint design, all failure modes should be considered. Bearing failure is the

preferred mode in composite bolted joints, as the joint can continue to withstand loads

beyond the onset of failure. The other failure modes are usually catastrophic and do not

provide the opportunity to resolve the onset of damage before ultimate failure occurs. A

study by Vangrimde and Boukhili [2003] found that the development of bearing failure

assures the highest strength for a single-bolt joint. Hart-Smith [1991] stated that high-

strength joints with multiple bolt rows are often critical in tension due to high by-pass

loads in the innermost bolt row.

Design charts for composite bolted joints loaded in tension, for both single-bolt

and multi-bolt configurations, are often found in the literature [Hart-Smith (1978),
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Cooper and Turvey (1995) and Collings (1977)]. These charts relate the geometric ratios,

e/d and w/d, to specific failure modes and are geared towards helping the design engineer

avoid the aforementioned macroscopic failure modes. An example of these charts, as

presented by Cooper and Turvey [1995], is shown in Figure 2.10.
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Figure 2.10. Average Joint Load Capacities for Different Bolt Pre-Loads [Cooper
and Turvey, 1995]

Microscopic failure refers to damage that occurs near the edge of the holes in

bolted laminated composite materials. Damage of the structure initiates at the

microscopic level, becomes macroscopic damage and consequently leads to final rupture

of the structure. Microscopic failure modes include: tensile, compressive and shear fiber

and matrix failure, debonding and delamination between plies. For example, hole

machining is a clear source of microscopic damage. Improper drilling techniques may

lead to delamination and fiber fracture, which will ultimately have an influence on the

strength and fatigue resistance of the structure.

2.4.3. Composite Bolted Joints Subjected to Axial and Flexure Loading

An experimental study by Collings [1982] investigated the factors affecting the

strength of bolted joints in multi-directional carbon fiber reinforced polymer (CFRP)

laminates. For single-hole joints loaded in tension, the ultimate strength was found to be

strongly dependent on ply orientation, bolt size (d) and specimen width (w). It was also

observed that the best overall performance was exhibited by + 450 laminates. In multi-

hole joints, no adverse interaction was observed between holes. In other words,
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increasing the number of holes did not cause a discernable loss in joint efficiency, for the

set of parameters investigated.

Ireman et at. [2000] conducted an experimental investigation to characterize the

damage development around holes in bolted graphite/epoxy single-lap joints, subjected to

quasi-static tension. The laminates were fabricated from the unidirectional pre-preg

system HTA/6376, and quasi-isotropic and zero-dominated lamination schemes were

investigated. It was found that, in general, specimens with tapered-head bolts have a

lower strength than those specimens with protruding-head bolts. The difference in joint

strength between tapered-head and protruding-head joints decreases as the diameter of

the tapered-head bolt increases. Secondary bending was observed to occur as a

consequence of significant joint damage. The failure sequence was determined to initiate

as matrix cracking at 25 percent of the failure load, fiber fracture at 35 percent of ultimate

failure, and delamination at 70 percent of final rupture. Joints with quasi-isotropic lay-

ups exhibited higher strength and slower failure sequences than those joints with zero-

dominated lay-ups.

Cooper and Turvey [1995] conducted an experimental investigation for double-

lap, single-bolt joints, loaded in tension. The laminates were manufactured from a

pultruded fiberglass reinforced polyester (FRP) flat sheet material. Eighty-one specimens

were tested to determine the effects of the geometric ratios, e/d and wid, and bolt

clamping torque on the strength of the joint. Their results showed that fully clamped

joints increased in strength by as much as 80 percent. It was also found that the initial

joint stiffness was mainly affected by the wid ratio, while the effect of the e/d ratio and

the bolt clamping torque was small.

Smith et al. [1986] conducted a similar investigation on the strength of CFRP

single-lap bolted joints loaded in flexure, as a function of plate width (w) and edge

distance (e). The results of the study revealed that the effects of overall joint bending

were a likely factor in the reduced strength observed in single-lap joints, when compared

to double-lap joints. Also, larger values of wie (plate width to edge distance ratio) led to

higher strength values.

A study by Oh et al. [1997] investigated the influence of ply angle, lamination

sequence, ratio of constituent materials, and clamping pressure, on the strength of double-
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lap, bolted joints loaded in tension. Glass/epoxy and carbon/epoxy laminates were tested.

It was found that the bearing strength increased as the + 45 plies were distributed evenly

in the thickness direction, regardless of the ratio of the constituent materials. It was also

observed that higher bearing strength values could be attained as the bolt clamping

pressure was increased.

A study by Cohen et al. [1995] provided a strength comparison of multi-row

bolted composite joints under axial loading, as a function of the number of holes (3, 5, 7

and 9 holes) and the lamination sequence. The laminates were fabricated using Hercules

IM7G/3501-6 graphite/epoxy pre-impregnated tape and cured in an autoclave. The

lamination sequence used represents a typical lay-up for joint regions of a composite

rocket booster. With a total of 168 plies and a laminate thickness of 26.04 mm, the

sequence was as follows: [{(1 5)3/90 2/0/+0/0O/O/+O/0/+O/0/±O0/0/90 2,]}6/(/+ 15)3], where

0 = 30, 45, and 60 degrees. The test results showed higher strength values for the joint

specimens with 9 holes. For a given number of holes, joint configurations with ± 45

reinforcing plies attained the highest strength values, when compared to joints with

reinforcing fibers oriented at 30 and 60 degrees. When compared to 3-hole specimens, 9-

hole joints only resulted in a 4 percent strength increase. Hence, for experimental

purposes, the three-hole joint configuration was recommended as the most affordable and

not overly conservative joint, when considering joint strength.

Starikov and Schon [2001] conducted an experimental investigation on the quasi-

static behavior of single-lap and double-lap, protruding-head, bolted joints loaded in

tension and compression. The composite plates were made of carbon fiber/epoxy

(HTA7/6376) using two lamination sequences: 1) quasi-isotropic [(±45/0/90)3]s, and 2)

(±45/0/90/04/90/03) s. The plates were joined by two (single-bolt row), four (double-bolt

row), and six (triple-bolt row) titanium, protruding-head bolts. The results of these tests

showed that the specimens joined with three bolt rows (either single-lap or double-lap

joints) exhibited the highest quasi-static tensile and compressive strengths. It was also

observed that, for the same specimen type, the ultimate strength and strain values were

higher for the compressive loading case. The lowest resistance to quasi-static loading

was observed for specimens with a single row of bolts. However, multi-row joints failed

catastrophically in net-section, while single-row joints failed in bearing mode. Load-
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transfer measurements between different bolt rows showed that, in general, the first bolt

row transfers the largest amount of load.

2.4.4. Composite Bolted Joints Subjected to Fatigue Loading

The relationships between material properties, geometric variables, lamination

sequence, failure loads and failure modes in composite bolted joints have been the subject

of much of the research found in the literature. Persson and Eriksson [1999] conducted

an experimental investigation with the objective of ranking the factors that most

significantly affect strength and fatigue life in multi-row, carbon-epoxy bolted joints,

using a linear regression analysis. For static loading, it was found that the most

influential factors were the bolt diameter to laminate thickness ratio (dit), the bolt pre-

load, and the bolt-head type. Use of protruding-head bolts increased the gross section

strength, when compared to tapered-head bolts. Variation in pre-preg type for a given

fiber type and environmental conditions were found to have a lesser effect on the

strength.

In the same study, Persson and Eriksson [1995] also investigated the joint

response when subjected to fatigue loading of constant amplitude, with initial deflections

varying no more than 0.05 mm. In the latter part (from 90 percent) of the fatigue life,

deflections increased catastrophically due to the addition of the local stiffness loss. It

was concluded that damage may have been growing without affecting the overall

structural response of the specimen, until a critical point was reached. At this point, the

significant stiffness loss caused large deflections which resulted in sudden and

catastrophic failure of the laminate.

Herrington and Sabbaghian [1993] studied the effects of the load magnitude,

orientation of reinforcing fibers, and bolt pre-load on the fatigue life of composite bolted

joints. Their results showed that the outer ply angle had a small effect on the joint

strength. The most influential factor was found to be the bolt pre-load, which increased

the joint strength. It was also suggested that the pre-load could increase the fatigue life of

the joint.

Starikov and Schbn [2002a] performed experimental studies on the fatigue

resistance of single-row and multi-row, composite bolted joints with protruding-head
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bolts. Quasi-isotropic and highly orthotropic lay-ups were investigated. The results of

the protruding-head bolted joint tests indicated that a multi-row configuration with a

quasi-isotropic lay-up displayed the highest fatigue resistance. Bolt failure was the

dominant mode. For all lay-ups, the fatigue behavior of the composite joints was

observed to vary linearly with the number of bolts.

Starikov and Schbn [2002b] performed a similar fatigue study for joints with

tapered-head bolts. Three types of bolts were used: all-composite fasteners (ACF),

titanium torque-set bolts, and titanium Huck-comp bolts. The results showed that joints

using titanium bolts attained a higher fatigue life than those using composite bolts. At

high load levels, the fatigue resistance of specimens with Huck-comp bolts was

comparable to that of joints with protruding-head bolts. It was concluded that failure of

the joints with composite bolts was due to the low ability of the bolts to carry cyclic shear

loading. The dominant failure mode observed was bolt fracture.

Benchekchou and White [1995a] conducted both theoretical and experimental

studies to determine the stresses around bolts in composite joints subjected to fatigue

loading. The cantilever-type specimens, made of CFRP and XAS/914 CUD material,

were subjected to cyclic loading. Three different quasi-isotropic lamination sequences

were investigated. Three-dimensional finite element analysis was used to determine the

highest normal and shear stress regions. The experimental results showed that the greater

the flexural amplitude, the more quickly damage initiated in the plates. Damage

developed earlier for plates with smaller holes, when compared to those with larger

diameter holes. For a given applied load, the reduced area between the bolt and the

laminate led to higher stresses, which resulted in delamination. It was also observed that,

for all bolt diameters and flexural amplitudes, [(±45/0/90)2]s was the most fatigue-

resistant lamination sequence. Finite element results showed that the maximum stresses

occurred near the holes, where the bolt-head is positioned, when the structure was loaded

away from the fixed support. When loaded towards the support, some of the maximum

and minimum normal and shear stresses occurred near the holes, while other stresses

occurred at the edge of the plate. For a given end displacement, stress values around the

holes were lower for bending towards the clamp than away from the clamp. Analytical

data was compared with the experimental results, with an 8 percent difference.
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Benchekchou and White [1995b] conducted the same type of fatigue study for

joints with tapered-head bolts. Higher shear stresses were observed for joints with

tapered-head bolts than those with protruding-head bolts, as fewer fatigue cycles were

needed to initiate damage. A direct correlation between high normal and shear stresses

from the models and initiation of delamination and shear cracks in the experiments was

observed. High normal and shear stresses occurred in the regions around the holes, with

maximum stresses occurring in the first and last ± 45 plies. Changing the bolt pre-load

did not affect the maximum normal and shear stresses. Both the finite element models

and the test results showed that the [(±45/0/90)2]s lay-up was the most resistant to fatigue

loading.

2.5. Summary of the Literature Findings and Research Significance

The summary of the literature shows that considerable research has been conducted

on composite bolted joints subjected to in-plane and fatigue loads. For the most part,

researchers have outlined the major factors affecting the joint capacity and the types of

failures that may occur under various loading conditions. The geometric ratios, the bolt

pre-load, and the lamination sequence have been ranked as the most influential factors

affecting the structural integrity of the joint. Because of the inherent difficulty of

predicting failure in composite bolted joints, these investigations have typically involved

comprehensive experimental programs.

A few papers have stated that hybrid joints are considered to have great potential

for future engineering applications, but are currently at the developmental stage. A

limited number of major investigations on hybrid systems were found in the literature and

this is an area that requires further research. In order to characterize the structural

behavior of hybrid joints, these systems need to be investigated experimentally and their

applicability for large-scale structures needs to be demonstrated at the sub-component

and component levels. An extensive experimental investigation, including in-plane,

flexural, and fatigue loading, is required to achieve these goals. Accordingly, the study

presented herein aims at providing a comparative study of the performance of various

hybrid bolted joint configurations loaded in flexure. Also, this study provides a basis for

assessing the applicability of hybrid joints to underwater marine structures.
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3. Structural Testing of Hybrid Joints Under Flexural Loading

3.1. Joint Testing Rationale

In marine applications, any vessel using composite materials for the bulk of the

system will require hybrid connections of some sort, where composite components are

attached to metallic sub-structures. The structural integrity and performance of a ship will

be strongly influenced by the performance of attachments and internal connections.

Therefore, assessing the structural integrity of a hybrid system must include detailed

studies of the connection behavior. An accurate appraisal of structural integrity depends

primarily on proper assessment of the structural response of the connections and interfaces

and a sound estimate of the loads that induce failure. Accordingly, a thorough

investigation of the hybrid connection mechanics is an essential part of this research.

3.2. Joint Testing Objectives

One of the primary objectives of the MACH project is to develop a watertight,

hybrid composite/metal joint for lifting body structures. In doing so, it is desired to attach

removable, modular composite panels to the metallic lifting body sub-structures. Because

dissimilar materials are being joined, the connection of composite sections to metallic

components is a critical issue in the design of hybrid systems. Hybrid joint design is more

complex than conventional metallic joints, because of the dissimilar interfaces and the

numerous failure modes that can be induced by the use of composite materials. Hybrid

joints are inherently non-linear and characterization of their behavior requires complex

analytical models that need experimental verification. In order to provide a reliable design,

it is imperative to investigate the non-linear connection mechanics, the interactions

between the constituents, and the response of the system under severe environmental

conditions.

Marine structures are subjected to in-plane and out-of-plane loads, and are therefore

susceptible to both through-the-thickness and bending failure modes. The experimental

study presented in this section is aimed at assessing the structural response of hybrid joint

specimens subjected to primarily flexural loading. For this investigation, hybrid joint test
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articles were isolated as sub-components of the large-scale panel assembly. Test articles

were configured with representative panel cross-sections and representative interface

attachment conditions. The primary goal was to develop a watertight joint that would

maintain a hydrodynamic profile when implemented into a modular, four-panel assembly

of the lifting body structure. The relative performance of various joint designs was

assessed on the basis of initial joint rotational stiffness, strength, and the types of failure

modes observed.

Sub-component testing was conducted to evaluate critical panel configuration

parameters, such as panel attachments, tapering, and use of stiffening doubler plates and

foam inserts. This testing phase is a precursor to the more costly and geometrically

complex testing of a large-scale, modular panel assembly, presented in Section 4.

Additionally, the experimental data obtained from these tests can be used to verify

analytical models and to develop design guidelines for hybrid joints.

3.3. Hybrid Joint Configuration and Geometry

Potential hybrid joint configurations were judged and selected based upon their

ability to be made watertight, smooth shaped, and cost effective. A total of fifteen joint

specimens were tested. Specimens were grouped into two main categories: bolted joints

and bolted joints with doubler plates. The major geometric parameters investigated were:

bolt type, bolt diameter, and doubler plate geometry.

3.3.1. Bolted Joints

The bolted joint sub-component, presented in Figure 3.1, was selected as the

baseline for the experimental investigation, as this configuration is common in practice and

is relatively inexpensive to manufacture and assemble. The joint consists of two composite

beams attached to a steel I-beam member by using two rows of bolts, with three bolts per

row. Both protruding-head and tapered-head, grade 8, steel bolts, were used for this study.

Tapered-head bolts entail more work during installation, but provide a smooth top surface,

when compared to protruding-head bolts. To better distribute the clamping force through

the thickness of the joint, steel washers were used at the top and bottom surfaces of the

specimens with protruding-head bolts, and at the underside of the steel I-beam member for
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specimens with tapered-head bolts. The baseline geometry of the bolted joint sub-

component is presented in Figure 3.2. Table 3.1 provides a description of the geometric

parameters used.

Composite beams

Bolted joint

Steel I-beam

Figure 3.1. Schematic of the Bolted Joint Sub-Component
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Figure 3.2. Baseline Geometry of Bolted Joints
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Table 3.1. Geometric Parameters of Bolted Joints

Symbol Description Dimension (mm)

l, Length of the composite beam 381

W, Width of the composite beam 174

0 Bolt diameter 12.7; 19

bi Bolt-hole spacing in the longitudinal direction 57

b, Bolt-hole spacing in the transverse direction 57

e Edge distance 38

tc Thickness of the composite beam 19

t' Thickness of the upper steel flange 19

ti Thickness of the lower steel flange 19

wU Width of the upper steel flange 267

w1 Width of the lower steel flange 508

Thickness of the steel web 19

d. Depth of the steel web 229

The composite and steel I-beam assembly is a representative section of the hybrid

joint of a modular panel region, at the sub-component level. Steel I-beams represent the

metallic sub-structure or skeleton of the vessel, and the composite panels represent the

acreage of the structural skins. In order to appropriately simulate an interface condition

between two bolted panels at the hybrid joint region, the composite beams were assembled

as double cantilever beams. In other words, the composite sections were not continuous

through the joint region. Figure 3.3 shows a variation of the bolted joint concept, in which

gussets were welded to the steel flanges of the I-beam members to increase the stiffness of

the flange and ultimately the joint rigidity.
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a) Protruding-head Bolts b) Tapered-head Bolts

Figure 3.3. Bolted Joint Specimens with Steel Gussets

3.3.2. Bolted Joints with Doubler Plates

A schematic of the bolted joint with doubler plate concept is shown in Figure 3.4.

This joint consists of two composite beams sandwiched between the flange of a steel I-

beam member and a steel doubler plate. These members are joined by using one or two

rows of grade 8, tapered-head, steel bolts. Steel washers were used at the underside of the

steel flanges. Figure 3.5 shows the baseline geometry of the bolted joint with doubler plate

configuration and its geometric parameters are described in Table 3.2.

At the top region of the joint, the doubler plate acts as a large washer and provides

better clamping force distribution through the thickness of the joint, when compared to

standard bolted joints. A study by Pelletier et al. [2005] showed that hybrid bolted joints

with protruding-head bolts resulted in an initial bolt pre-load loss of about 45 percent,

while bolted joints with evenly distributed bolt forces showed a bolt pre-load loss of only

15 percent. The use of doubler plates will help mitigate bolt load loss due to the creep in

the composite. Also, doubler plates can help achieve a more watertight connection, by

sealing the joint and preventing it from opening when loaded. For some underwater
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applications, these observations may justify the additional cost and geometric complexity

of using doubler plates.
Composite

Steel doubler plate

Steel I-beam Bolted joint
member

Figure 3.4. Schematic of the Bolted Joint with Doubler Plate Concept
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Figure 3.5. Baseline Geometry of Bolted Joints with Doubler Plates
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Table 3.2. Geometric Parameters of Bolted Joints with Doubler Plates

Symbol Description Dimension

1, Length of the composite beam, mm 381

W, Width of the composite beam, mm 174

0 Bolt diameter, mm 12.7; 19

bi Bolt-hole spacing in the longitudinal direction, mm 57

b, Bolt-hole spacing in the transverse direction, mm 57

e Edge distance, mm 38

t, Thickness of the composite beam, mm 19

t, Thickness of the upper steel flange, mm 19

t4 Thickness of the lower steel flange, mm 19

WU, Width of the upper steel flange, mm 267

w/ Width of the lower steel flange, mm 508

Thickness of the steel web, mm 19

d. Depth of the steel web, mm 229

Wd Width of the doubler plate, mm 146; 267; 324

td Thickness of doubler plate, mm 6.35; 12.7

0 Taper angle,deg 24

Figure 3.6 shows photographs of bolted joints with doubler plates, for specimens

with and without a foam insert. Foam inserts were used at the tapered region of the

composite beam to increase the strength and stiffness of the joint, and to align the start of

the taper with the edge of the steel flange. Using foam inserts required modifications to the

thickness of the composite beam at the joint region. In order to accommodate the insert

and align the start of the taper with the edge of the steel flange, the thickness of the

composite beam was tapered from 25.4 mm at the joint region, to 19 mm at the free end of

the beam.
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Figure 3.6. Bolted Joints with Doubler Plates

Table 3.3 summarizes the geometric configurations of the hybrid joint specimens

that were tested. The geometric variables considered for this study are: bolt type, bolt

diameter, doubler plate dimensions, and dimensions of the foam inserts. A total of fifteen

joints were tested: seven bolted joints, seven bolted joints with doubler plates, and a

bonded joint. Figures 3.7 and 3.8 present photographs of standard bolted joints and bolted

joints specimens with doubler plates, respectively. From this point forward, joint

specimens will be referred to according to the naming convention shown in Table 3.3, as

follows:

For standard bolted joints:

- BP: Bolted joint, Protruding-head bolts;

- BT: Bolted joint, Tapered-head bolts.

For bolted joints with doubler plates:

- DS: Doubler, Short length, with one row of bolts;

- DM: Doubler, Medium length, with two rows of bolts;

- DL: Doubler, Long length, with two rows of bolts.
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The bonded joint specimen was designated as BD-1.

Table 3.3. Geometric Configuration of Hybrid Joint Specimens

Bolt Doubler Doubler

Specimen Bolt type diameter, width, thickness, Remarks

0 (mm) wj(mm) id(mm)

BP- 1 Protruding 12.7 ---....

BT-2 Tapered 12.7 ---

BP-3 Protruding 19 ---

BT-4 Tapered 19 ---

BP-5 Protruding 19 Gussets

BT-6 Tapered 19 Gussets

BT-7 Tapered 19 ...- SIA2119 Adhesive

DM- I Tapered 12.7 267 12.7 Foam insert

DL-2 Tapered 12.7 324 6,35

DL-3 Tapered 12.7 324 6.35 SIA2119 Adhesive

DS-4 Tapered 12.7 146 6.35 Foam insert

DL-5 Tapered 19 324 12.7 ---

DM-6 Tapered 19 267 12.7

DL-7 Tapered 19 324 12.7 Foam insert

BD-I .......... SIA2119 Adhesive
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Figure 3.7. Photographs of Bolted Joint Specimens
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Figure 3.8. Photographs of Bolted Joint Specimens with Doubler Plates
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3.4. Materials and Test Article Fabrication

Another objective of the MACH project was to use innovative material systems and

processes, in order to reduce structural weight, achieve complex shapes of the hull-form,

and improve the corrosion resistance of the structure. Using composite materials for the

bulk of the system can help achieve these goals in a cost-effective manner. E-Glass/vinyl

ester (EGNE) systems, manufactured using a vacuum-assisted resin transfer molding

process (VARTM), offer an attractive approach, as this process can be carried out in the

laboratory at a lower cost than, for instance, fabrication with metals. Additionally, the U.S.

Navy is currently investigating EG/VE systems and VARTM processes as preferred

choices for fabrication of marine structures. Accordingly, these were selected for

manufacturing the composite beam specimens.

DOW Derakane 8084 vinyl ester resin and E-Glass fibers were used as the

composite specimen constituents. The reinforcing fibers were 680-gm 0-90' and 680-gm ±

450 knit fabric, manufactured by Brunswick Technologies, Inc. (BTI). It is noted that the

00 and 900 fibers are stitched together, as well as the + 450 and - 450 fibers. The foam

inserts were fabricated using DIAB Divinycell® H80 foam. The steel components were

fabricated by Alexander's Welding & Machine, Inc., of Greenfield, Maine. Steel 1-beam

members were made from a 19-mm thick, A36 grade, plate. The steel doublers were made

from 12.7-mm and 6.35-mm thick, A36 grade, plates. Material specifications are presented

in Appendix A.

Fabrication of the composite specimens was carried out in the Hybrid Structures

Laboratory, at the University of Maine, using a VARTM process. A forty-eight layer,

quasi-isotropic, [(±45, 0/ 90 )6]s configuration was used as the baseline laminate architecture.

The nominal thickness of each layer was 0.397 mm, and the total laminate thickness was 19

mm. Material coupon tests were conducted periodically during the fabrication cycles of the

project. ASTM standard tension, compression, flexure, and constituent volume tests were

conducted with the intent of determining the elastic modulus and ultimate strength values

for the three loading conditions, as well as the fiber volume fraction of the test articles.

Panels of 7.0 mm nominal thickness, [(0/9 0)4]s, were fabricated for these tests. Four sets

of tests were conducted for tension and compression, and three test sets were conducted for

the flexure. 5 to 8 specimens were used in each test set. Table 3.4 presents a summary of
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these material test results. The modulus and failure strength for each specimen are given in

columns 4 and 5, respectively, along with the averages for each set. The average fiber

volume fraction was 50.5% +1%

Table 3.4. Summary of Material Tests Results

Test Set Specimen Specimen E (GPa) Failure Strength
Designation Width (mm) Thickness (mm) (MPa)

Tension Tests

Test Set ] 24.13 7.53 15.26 262.74

Test Set 2 26.29 6.96 14.97 259.96

Test Set 3 25.45 7.35 16.80 281.21

Test Set 4 22.86 7.28 15.21 235.77

Average 24.68 7.28 15.56 259.92

Compression Tests

Test Set 1 25.45 6.99 18.62 259.75

Test Set 2 26.92 7.26 19.39 261.76

Test Set 3 23.47 7.09 16.47 271.87

Test Set 4 26.09 7.06 16.40 270.41

Average 25.48 7.10 17.72 265.95

Flexure Tests

Test Set 1 32.39 9.62 16.41 406.75

Test Set 2 32.44 9.48 17.10 401.48

Test Set 3 32.32 9.80 18.96 427.23

Average 32.58 9.67 17.49 411.82

Figure 3.9 shows a photograph of the VARTM fabrication setup. E-Glass layers

were laid-up on a 1.54-m by 2.44-m glass-top bench and a nylon vacuum bag was placed

on top of the arrangement and sealed along the edges. A resin line was placed along one

edge of the panel, while a vacuum line was placed at the opposite edge. The resin was

mixed according to the manufacturer's specifications and drawn into the mold by a

vacuum. Once the panel was infused, the resin and vacuum ports were closed and the

VARTM process completed. After curing, the beam specimens were cut using a diamond
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coated wet saw and the required holes were drilled using diamond coated drill bits. In the

case of the tapered holes, the holes were tapered using a high-speed tool-steel countersink

bit. Figure 3.10 presents photographs of various tapered EG/VE composite specimens.

Figure 3.9. VARTM Fabrication Setup

Figure 3.10. Tapered EGVE Composite Specimens
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3.5. Joint Testing Procedures

3.5.1. Test Setup

Testing of the hybrid joint specimens was conducted at the Hybrid Structures

Laboratory, at the University of Maine. A photograph of the experimental test setup is

shown in Figure 3.11. It consists of a 245-KN, ± 254-mm, MTS® actuator, mounted on a

1335-KN+ modular, reaction frame. The end of the actuator was attached to the upper

surface of a 2.82-m long, guided, W12 load beam, using four grade 8, 25.4-mm, steel bolts.

Load heads were attached to the lower surface of the load beam, in order to transfer the

applied MTS® load to the test article. Rollers were attached to the ends of the load beam to

achieve a tight fit with the side plates, in order to avoid rotation of the W12 beam. Figure

3.12 shows the dimensions of the W12 load beam and the load heads.

Figure 3.13 depicts the connection of the test article to the reaction frame and the

load heads. The bottom flange of the steel I-beam member was attached to the reaction

frame by using eight, grade 5, 22.22-mm, steel bolts. The free ends of the composite

beams were secured between the two roller pins of the load heads using the 25.4-mm

diameter setscrews.

3.5.2. Testing Method

A schematic of the testing method is shown in Figure 3.14. All tests were operated in

displacement control mode. The test articles were loaded in flexure, in a reversed cyclic

fashion. The applied load was transferred to the test article by means of the load heads.

Reversed cyclic loading was carried out by pushing (towards the steel 1-beam member) and

pulling (away from the steel I-beam member) at the free ends of the composite beams, with

a load application point at +/- 381 mm from the joint centerline. The rationale for

performing cyclic testing is to study the stiffness degradation upon repetition of a

displacement cycle. Stiffness degradation is typically an indicator of permanent structural

damage of the system. Therefore, by conducting cyclic loading tests, it is possible to

ascertain the load level at which damage will begin to accumulate.
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Figure 3.11. Experimental Test Setup
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S282 0.305
ii0.432

Figure 3.12. Dimensions of the W12 Load Beam and Load Heads (in meters)

"W12
load beam

Roller pins Roller pins

22.22-mm bolts Ai

Figure 3.13. Connection of the Test Article to the Reaction Frame and Load Heads
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MTS® actuator
load

Load heads

Load cell

Test article
Reaction (size exaggerated for clarity)

frame

Joint centerline

Figure 3.14. Schematic of the Testing Method

Figure 3.15 presents a typical loading history plot for reversed cyclic testing.

Loading was typically carried out over twelve cycle sets. Each cycle set was comprised of

three equal load cycles. The load head displacement range for a complete test was 5.08

mm to 61 mm, with each cycle set increasing in amplitude by approximately 5.08 mm (5

increments per inch). In Figure 3.15, "load up" corresponds to pulling of the composite

beams away from the steel I-beam member, and "load down" corresponds to pushing the

beams against the I-beam member. The first loading cycle was pushing downward and

corresponds to positive load values and negative displacement values (actuator extension).

Loading of the composite beams away from the I-beam corresponds to negative load values

and positive displacement values (actuator retraction). A typical full-level test takes

approximately four hours to complete.
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Figure 3.15. Typical Reversed Cyclic Loading History

Prior to testing until failure, low-level tests were conducted for all joint specimens

to ensure that all instrumentation and data-acquisition channels were functioning properly.

For these tests, only the first loading cycle set was carried out, to a peak displacement 5

mm. A typical low-level test takes approximately 20 minutes to complete.

3.5.3. Instrumentation

Test articles were instrumented with both metal foil strain gages and linear variable

displacement transducers (LVDTs), to measure strains and vertical displacements,

respectively. The applied load was measured using the internal 245-KN load cell of the

MTS® test system and two LebowTM 3174 load cells with an 89-KN capacity. As shown in

Figure 3.16, the LebowTM load cells were mounted between each load head and the load

beam to monitor the load being transferred to each end of the test article. Each load cell

was attached to the top surface of the load heads using twelve grade 5, 9.53-mm, steel

bolts. A 32-mm, fine-thread, steel bolt was used to attach each load cell to a 356-mm x

305-mm x 51-mm steel plate. The top of the steel plate was then attached to the lower

surface of the W12 load beam by using six grade 5, 25.4-mm, steel bolts.
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32-mm fine-thread

356-mmx 3O5-mmN steel bolt
51-mm steel plate

S9.53-mm steel

load cell bolts

Figure 3.16. Load Cell Setup Schematic (Exploded View)

In addition to the MTS® test system displacement load cell, a total of twelve

MacroSensorsTM LVDT position sensors were used to record the vertical displacement of

the top surface of the composite beams at the discrete locations shown in Figure 3.17. Two

sensors were placed across the top surface of the beam at each location. Displacements

were recorded at three distinct locations on each composite beam. The LVDT locations,

presented in Table 3.5, are measured with respect to the centerline of the test article.

LVDTs were mounted on the reaction frame by using spring-loaded supports, as shown in

Figure 3.18. For each pair of sensors, the LVDT connecting threaded rods were screwed

into L-braces, clamped on top of the composite beam. All LVDTs were calibrated using a

Fowler® Ultra-digit digital caliper prior to each test.
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Top View
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p,-

Side View

Figure 3.17. LVDT Configuration

Table 3.5. LVDT Location by Coordinates

Range xmm ymm
Sensor I.D x (mm) y(mm)

VI (outer) +/- 50.8 - 381 0

V2 (outer) +/- 50.8 - 381 172

V3 (middle) +/- 25.4 - 203 0

V4 (middle) +/- 25.4 -203 172

V5 (inner) +/- 12.7 - 133 0

V6 (inner) +/- 12.7 - 133 172

V7 (inner) +/- 12.7 133 0

V8 (inner) +/- 12.7 133 172

V9 (middle) +/- 25.4 203 0

VI0 (middle) +/-25.4 203 172

VI 1 (outer) +1- 50.8 381 0

V12 (outer) +/-50.8 381 172
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frame LVDT extension

rods

LVDTs LVDT spring-
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Figure 3.18. LVDT Setup on Reaction Frame

Figure 3.19 shows a schematic of the strain gage configuration. Strain gages and

adhesives were procured from Micro-Measurements Group, Inc. Four uniaxial strain

gages, type CEA-00-125UW-350, were mounted on one of the composite beams, using

AE-10 adhesive. A CEA-13-250UW-350 strain gage was bonded to the underside of the

steel flange. Gages SGI and SG2 were used to monitor strains in the composite beam, SG3

and SG4 were used to monitor strains on the composite at the joint region, and SG5 was

used to monitor yielding of the steel I-beam member. SG-1 was bonded to the bottom

surface of the composite beam, while SG2, SG3 and SG4 were bonded to the top surface.

Prior to each test, strain channels were calibrated using a 350-9 strain calibrator. Table 3.6

presents the strain gage locations, measured from the bottom left comer of the composite

beam. VishayTM 2120 multi-channel signal conditioners were used for load and strain data-

acquisition. Instrumentation specifications are presented in Appendix B.
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Figure 3.19. Strain Gage Configuration

Table 3.6. Strain Gage Location by Coordinates

Sensor I.D x (Mm) y (Mm)

SGI (bottom) - 203 86

SG2 (top) -140 86

SG3 (top) - 133 86

SG4 (top) - 133 129

SG5 (bottom) - 6.35 129
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3.5.4. Data-Acquisition Configuration

The data-acquisition process was PC-controlled, using a PentiumTM 4, 2.4 GIlz,

512-MB RAM system. A schematic of the data-acquisition system is shown in Figure

3.20. The DAQFID5 software, written at the University of Maine, and an IOTECHTM

Daqboard 2000 card, were used for data-acquisition. This system has 16 bit analog-to-

digital conversion resolution and is capable of reading thirty-two channels at a throughput

rate of 1 kHz, which is more than adequate for the rate of testing used in this study. A

minimum of sixty data points were taken for each half cycle. Multiple data samples were

averaged during acquisition to reduce the error due to instrumentation noise.

Instrumented test article

E Load cells, strain ,• VishayTM Signal
gages, LVDT readings Conditioners

IOTECI-Irm

c]• Daqboard 2000

Figure 3.20. Data-Acquisition System Schematic
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3.6. Joint Testing Results

The relative response of the various joint configurations tested was assessed by

quantifying: 1) the cyclic response of load versus displacement curves, in order to observe

the stiffness degradation of the connection with increasing displacement levels ; 2) the

cyclic response of load versus strain curves; 3) the load versus displacement envelopes, to

compare the relative strength of the various joints; 4) the failure modes, to visualize how

damage initiated and how quickly it propagated within the joint until ultimate failure

occurred; 5) the damage and ultimate loads; and 6) the initial rotational stiffness of the

joint, which provides an estimate of the flexibility of the joint. Each one of these is

discussed in the remainer of this section.

3.6.1. Cyclic Response: Load versus Displacement Curves

Load versus displacement curves were created by plotting the load values recorded

by the load cells versus the average displacement recorded by the pair of LVDTs at each

discrete location. These curves provide a depiction of stiffness loss for each subsequent

cycle set. Figure 3.21 presents a typical load versus displacement curve for a complete

loading cycle set. Numbers within the figure indicate the displacement direction. The

segment of the curve denoted by "I" corresponds to pushing of the composite beams

against the steel I-beam member; segment "2" corresponds to unloading of the beams and

its return to the neutral position. Segment "3" corresponds to loading by pulling the

composite beams away from the steel I-beam member; and segment "4" denotes unloading

of the beams by moving toward the support, back to its neutral position.
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Figure 3.21. Typical Load versus Displacement Curve

Load versus displacement curves for specimens BT-6 and DS-4 are presented in

Figures 3.22 through 3.27, as examples of the cyclic behavior of the joints. Each figure

presents three different sets of load versus displacement cycles, as well as the complete

hysteresis loop. As described in Section 3.3, specimen BT-6 is a tapered-head bolted joint,

with gussets welded to the steel I-beam member. This configuration represents a case of a

very stiff sub-structure. Specimen DS-4 uses a short doubler plate with tapered-head bolts

and a foam insert at the tapered region of the composite. Curves are presented for

displacements recorded at the LVDT locations shown in Figure 3.17. Appendix C presents

the complete load versus outer displacement curves for all specimens.

Figures 3.22 and 3.23 present the load versus displacement curves for specimens

BT-6 and DS-4, respectively, using the displacement values recorded at the free ends of the

composite beams (outer LVDTs). The first of twelve displacement cycle sets, with a peak

displacement of 5.08 mm, is shown in Figures 3.22a and 3.23a, where it is observed that

the response of the joint is stiffer when displaced against the steel I-beam, due to the

additional bending resistance of the steel flange. The three cycles plotted in these figures

loop upon themselves, indicating a stable hysteresis response. The slight opening of the
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hysteresis loops is a typical non-linearity observed in bolted joints. This behavior is

attributed to opening and closing of the gap between the joint components as the

displacement direction changes. For instance, when moved against the I-beam member, the

gap between the composite and the flange is already closed at the neutral position. On the

other hand, when moving upwardly, a gap opens up between these two components before

the steel member begins to take load. Friction between the joint components also

contributes to the opening of the load versus displacement loops.

Cycle set 1 Cycle set 62.0 15

1.5
10

1to

0.5
-d 0.0 

..
.0 -0.5_ _

-1.5 O pen ioop

-2.0 -10

-6 -4 -2 0 2 4 6 -40 -20 0 20 40

a) Displaemenwt, mm b) Displacement mm

25 Cycle set 10 26 Complete hysteresis loop
20 252 .... 0 Load down Load Lip

15 *.. 15
10 I10
5 .5

J -5 -
-10 -10
-15 4tress stiffening . -15
-20 -20

-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
Displacemert, mm Dispklmc,,wrl mm

C) d)

Figure 3.22. Load versus Displacement Curves for BT-6 (Outer LVDTs)
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Figure 3.23. Load versus Displacement Curves for DS-4 (Outer LVDTs)

Figures 3.22b and 3.23b show the load versus displacement curves for the sixth set

of cycles, with a peak displacement of 30.48 mm. Opening of the loops became more

pronounced with increasing cycle sets. Non-linear behavior in the form of stress-stiffening

was observed toward the end of this set of cycles, and is depicted in these figures. For I)S-

4, the initiation of this behavior was observed toward the end of the fifth set of cycles.

Stress-stiffening was attributed to large deformation of the structure, given that the end

displacement-to-thickness ratio was approximately 1.6 at this loading stage.

Figures 3.22c and 3.23c present the load versus displacement curves for the tenth

set of cycles (BT-6) and the twelfth set of cycles (DS-4), respectively, after the specimens

had undergone severe damage. For BT-6, the loading and unloading paths began to differ

significantly at the beginning of the tenth set of cycles. At the end of this cycle set, the

specimen had reached ultimate failure and further data were not available. For DS-4,

significant loading/unloading path discrepancies were observed at the beginning of the

twelfth cycle set and permanent damage resulted in a significant drop in load during

subsequent cycles. The complete hysteresis loops are presented in Figures 3.22d and 3.23d,
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where stiffness degradation is indicated by the drastic drop in load, which also accounted

for ultimate failure of the specimens.

Figures 3.24 and 3.25 present the load versus displacement curves for BT-6 and

DS-4, using the displacements recorded by the middle LVDTs. Catastrophic load drops

were observed after the ninth cycle set for BT-6 and at the twelfth cycle set for DS-4.

When displaced downward, the rigidity of the steel flange accounts for the slightly steeper

slope of the curves, when compared to displacing upward. Appendix D presents the

complete load versus middle displacement curves for all specimens.
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0.50 5
.-. 0.00
0o.5 00

-1.00 -5

-1.50

-2.00 -10
-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 -10 -5 0 5 10

a) Displacemert, mm b) Displacemert, mm

25 Cycle set 10 25 Complete hysteresis loop

20 20 Load dowq Load up

15 15
10 10

5 5
10 0 -5,

"J -5 -10
-10 -15
-15 -20
-20 -25

-20 -10 0 10 20 -20 -10 0 10 20
Displacement, mm Displacement, mmc) d)

Figure 3.24. Load versus Displacement Curves for BT-6 (Middle LVDTs)
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Figure 3.25. Load versus Displacement Curves for DS-4 (Middle LVDTs)

Figures 3.26 and 3.27 present the load versus displacement curves for

displacements recorded at the joint region (inner LVDTs). Because these LVDTs are

aligned with the edge of the steel flange, the data in these figures indicate the actual joint

response. In Figures 3.26a and 3.27a, opening of the loops is more clearly captured by this

set of LVDTs than by the middle or outer LVDTs. For the sixth set of cycles presented in

Figures 3.26b and 3.27b, the added rigidity of the steel gussets (BT-6) is observed when the

specimen is displaced against the I-beam, as the curves have a steeper slope, when

compared to displacing upward. In Figure 3.26c, failure of specimen BT-6 is depicted by

the different loading and unloading paths, particularly for displacing away from the steel I-

beam. Imminent failure is depicted in Figures 3.26d and 3.27d, where DS-4 shows a more

dramatic load drop during the final loading cycle sets. Appendix E presents the complete

load versus inner displacement curves for all specimens.
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Figure 3.26. Load versus Displacement Curves for BT-6 (Inner LVDTs)
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Figure 3.27. Load versus Displacement Curves for DS-4 (Inner LVDTs)
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3.6.2. Cyclic Response: Load versus Strain Curves

Selected load versus strain curves for specimens BT-6 and DS-4 are presented in

Figures 3.28 and 3.29, respectively. Each figure contains four different sets of cycles for

each specimen. When the specimen is displaced against the steel I-beam, the gages on the

top surface of the composite beam are in tension (SG2, SG3, and SG4) and the gages at the

underside of the composite beam (SG1) and at the bottom of the steel I-beam (SG5) are in

compression. When the specimen is displaced away from the steel I-beam, SG2, SG3 and

SG4 are in compression and SGI and SG5 are in tension. The complete load versus strain

plots, for all cycle sets, are presented in Appendix F.
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Figure 3.28. Load versus Strain Curves for BT-6
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Figure 3.29. Load versus Strain Curves for DS-4

Figures 3.28a and 3.29a present the load versus strain curves for the first

displacement cycle set. For specimen BT-6, the strain response was observed to be fairly

linear, with closed loops during initial cycle sets. On the other hand, the curves for

specimen DS-4 are slightly open during this displacement cycle. This was attributed to the

effect of the doubler plate when the specimen was displaced upward.

Figures 3.28b and 3.29b correspond to the load versus strain curves during the

fourth set of cycles, where the peak strain recorded at the composite surface was about

5700 microstrain. Yielding of the steel flange (SG5) is observed in Figure 3.28c, where the

unloading and loading paths begin to differ. The hysteresis loops in Figures 3.28d and

3.29d indicate imminent failure in the composite beams.

Tables 3.8 and 3.9 present a summary of the peak strains recorded for displacing

down and displacing up, respectively. The strains recorded at the composite region (SG 1)

when displacing downward are, in general, at least 20 percent higher than those recorded
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when displacing upward. In the case of BC-5 and BT-6, this difference is roughly 50

percent. In general, the strains recorded at the joint region (SG3) are lower for downward

displacement, when compared to upward displacement. This indicates that the applied load

is being transferred to the steel I-beam by the bearing action of the composite beam. When

displaced up, however, the applied force is being transferred to the steel mainly by the

bolts, which accounts for the higher strain values in the composite. The strains recorded at

the underside of the steel flange (SG5) for downward displacement are, in general, higher

than those for upward loading. As in the case of SG3, this indicates that more of the

applied load is being transferred to the steel member when the composite beam is displaced

against the I-beam.

Table 3.7. Peak Strain Measurements - Load Down (in microstrain)

Specimen SG1 SG2 SG3 SG4 SG5

BP-1 9670 8850 8970 12450 13245

BT-2 9510 8590 6350 9900 12367
BP-3 8310 11100 10789 7430 9690

BT-4 8266 8590 6579 9967 11682
BC-5 12790 9610 12766 12854 10877
BT-6 12050 8310 8990 12309 11745

BT-7 8580 7320 8260 9750 12354
DM-1 12304 7899 8456 9300 12008

DL-2 6380 8400 8990 8710 11099

DL-3 6070 7920 8330 9140 12544
DS-4 8810 12380 7909 8955 9788
DL-5 6230 10678 9500 8577 9144

DM-6 4580 8050 8657 6530 9590

DL-7 4890 7600 8400 4100 8270
BD-I 3220 1470 2460 5170 5520
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Table 3.8. Peak Strain Measurements - Load Up (in microstrain)

Specimen SG1 SG2 SG3 SG4 SG5

BP-1 5890 7710 11290 11567 9982

BT-2 6060 8290 11005 12356 9220

BP-3 7550 9780 12098 12589 11066

BT-4 6357 7510 9788 11678 10456

BC-5 6030 9850 11890 11223 8690
BT-6 6600 7550 12349 11890 9630

BT-7 6260 7000 12390 12390 9010
DM-1 11456 5677 8699 10798 9870

DL-2 6830 11245 11772 12578 12890

DL-3 5940 12357 12880 12790 12130

DS-4 3890 11156 12130 10899 11557

DL-5 5670 9589 12007 9078 9740

DM-6 6910 4630 8203 11280 10678

DL-7 5200 10700 10677 9877 11409
BD-1 1560 3210 5100 2430 2820

3.6.3. Load versus Displacement Envelopes

Load versus displacement envelopes were created by plotting the peak load and

displacement values for each set of cycles, for both displacing against and away from the

steel I-beam member. These curves provide a depiction of the relative response, strength

and stiffness of the various joint configurations tested.

3.6.3.1. Load versus Displacement Envelopes for Bolted Joints

Load versus displacement envelopes for bolted joints with protruding-head bolts

and tapered-head bolts are presented in Figure 3.30 and Figure 3.31, respectively. For

comparison purposes, these curves were plotted using the same scale. When displaced in

the downward direction (against the I-beam member), the specimens with gussets welded

to the steel I-beams, BP-5 and BT-6, were the stiffest and strongest, with capacities of 24

KN and 21 KN, respectively. When displaced away from the I-beam member (load Lip)
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specimens BP-1 and BT-4 attained the highest capacities of 18 KN and 19 KN,

respectively. In a general sense, the response of the bolted joints was tightly grouped for

the set of parameters investigated. For these specimens, opening of the joint was observed

to occur at higher loading cycle sets (after cycle set 6), when loaded against the support.

This is depicted in Figure 3.32, which shows a photograph of the joint opening (specimen

BP-1) during the tenth set of cycles.
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Figure 3.30. Load versus Displacement Envelopes for Protruding-head Bolted Joints
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Figure 3.31. Load versus Displacement Envelopes for Tapered-head Bolted Joints

Figure 3.32. Specimen BP-I Displaced Downward at Cycle Set 10
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3.6.3.2. Load versus Displacement Envelopes for Bolted Joints with Doubler Plates

Load versus displacement envelopes for bolted joints with doubler plates are

presented in Figures 3.33 and 3.34. Figure 3.33 shows the response of specimens with

short and medium doubler plates. When displaced against the steel I-beam member (load

down), DS-4, a specimen with a short doubler plate and foam insert, showed the highest

capacity of 32 KN, followed by DM-1, at 23 KN. DM-1 and DM-6 are both specimens

with medium doubler plates. When compared to DM-6, with the lowest capacity of 10 KN,

the better performance of DM-1 was attributed to the use of foam inserts at the tapered

region. When displaced away from the support (load up), DM-1 performed slightly better

than DS-4, with a capacity of 25 KN.
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Displacement, mm

Figure 3.33. Load versus Displacement Envelopes for Bolted Joints with Short
and Medium Doubler Plates

Figure 3.34 presents the load versus displacement envelopes for joints with long

doubler plates. When displaced against the steel I-beam (load down), specimens DL-2 and

DL-3 attained the highest capacities of 34 KN and 31 KN, respectively. Both of these

specimens use 6.35-mm thick, long doubler plates. The same was true for the case of

displacing away from the support. DL-7, a specimen with a 12.70-mm thick, long doubler
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plate and foam insert, attained peak loads comparable to DL-2 and DL-3, up until the sixth

cycle set (displaced down, 30 mm) and the eighth cycle set (displaced up, 40 mm). After

these cycle sets, the drop in peak loads for DL-7 is suspected to be a consequence of the

doubler geometry, which led to premature failure by bearing of the steel at the top surface

of the composite. DL-5 attained the lowest capacity of about 9.91 KN.

40 30 #*X..--,-DL-2
30 DL-3
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-40 0
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Displacement, mm

Figure 3.34. Load versus Displacement Envelopes for Bolted Joints with Long
Doubler Plates

Overall, the response ofjoints with doubler plates was more widespread than that of

standard bolted joints, due to the variations used for the doubler plate geometry. Specimen

DS-4 (short doubler and foam insert) attained comparable capacities to long doubler plate

joints, DL-2 and DL-3, with half the number of bolts and roughly half of the material used

to fabricate the doubler plates.

The load versus displacement results show that incorporating doubler plates and

foam inserts can increase the joint capacity, particularly when the joint is displaced away

from the I-beam support. Additionally, Figure 3.35 shows that the use of doubler plates is

effective in keeping the joint closed (specimen DM-1, shown), which will improve the
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ability to seal the joint and to maintain watertight integrity, when implementing such a

configuration into a large-scale structure.

Figure 3.35. Specimen DM-1 Displaced Downward at Cycle Set 10

3.6.4. Failure Modes

Initiation of damage in composite bolted joints typically occurs as a combination of

delamination, fiber fracture, and bearing, which can take place either at the net section or

the gross section of the connection, depending upon the geometry and loading conditions.

For the tests presented in this chapter, the non-linear behavior observed in the steel

members was primarily due to yielding, which is typical for a structural steel, such as A36.

Macroscopic damage in the composite was monitored by visual inspection and by

the behavior of the load versus displacement curves and the load versus strain curves.

Photographs of the joint specimens were taken at the beginning and the end of each

65



displacement cycle set, in order to document the onset of damage and correlate its

occurrence with the recorded load, displacement and strain data.

For each specimen, the onset of damage occurred in different forms, at different

loading stages, and at different locations along the specimen. One dominant failure mode

was typically observed for each specimen, though a combination of two or more modes

was identified. A naming convention for the failure modes was devised, based on the type

of damage and its location on the specimen, as follows:

1. BLSC: Bearing at the Lower Surface of the Composite beam, shown in Figure

3.36. Damage is caused by the bearing action of the steel support at the lower surface of

the composite beam. Fiber fracture along the transverse direction of the composite beam is

observed in the gross section. This mode occurred for joints displaced in the downward

direction.

2. BUDE: Bearing at the Upper surface of the composite beam under the Doubler

Edge, shown in Figure 3.36. Damage is caused by the bearing action of the edge of the

doubler plate at the top surface of the composite beam, when the beam is displaced away

from the support.

Figure 3.36. Failure Modes BLSC and BUDE

3. NSBL: Net Section along the Bolt-Line, shown in Figure 3.37. Failure of the

composite beam occurs in the transverse direction, along the bolt-line of the outer row.

This mode is a consequence of cyclic loading and the bearing action of the steel I-beam
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member. Damage typically initiates as fracture of the outer fibers at the top surface of the

composite beam, when displaced against the steel I-beam.

Figure 3.37. Failure Mode NSBL

4. GSDE: Gross Section along the Doubler Edge. This mode is defined as the

complete separation of the composite beam from the hybrid region of the joint, as shown in

Figure 3.38. This mode is typical of specimens with long doubler plates.

Figure 3.38. Failure Mode GSDE

5. FFIB: Fracture along the Foam Insert Boundary. As shown in Figure 3.39,

damage initiates at the lower surface of the composite beam and then propagates to the

interface between the foam insert and the composite layers, until fracture of the insert

occurs. This mode is typical of joints with doubler plates and foam inserts (DM-1, DS-4

and DL-7).
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Figure 3.39. Failure Mode FFIB

6. DUEC: Delamination at the Upper Edge of the Composite beam, as shown in

Figure 3.40. Failure occurs at the top layers of the composite beam, initiated at the outer

edges of the beam.

Figure 3.40. Failure Mode DUEC

7. DLEC: Delamination at the Lower Edge of the Composite beam. As shown in

Figure 3.41, failure occurs as separation of the bottom layers of the composite beam, and

initiates at the outer edges of the beam.
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Figure 3.41. Failure Mode DLEC

8. DACB: Debonding at the Adhesive and Composite Beam interface. This mode

occurred for specimen 131-1, as shown in Figure 3.42. In this case, complete separatiorn of

the composite beams from the steel flanges occurred as a consequence of the stresses acting

at the interface between the adhesive and the lower surface of the composite beam.

Figure 3.42. Failure Mode DACB

3.6.5. Damage Load and Ultimate Load

The damage load, Pdmg, was defined as the load magnitude at which discrepancies

in the load ing/unload ing curves and/or macroscopic damage were first observed. This load

value represents the onset of macroscopic damage, though microscopic damage may have
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been developing prior to this load. The ultimate load, P,,t, was taken to be the maximum

force that the joint was able to withstand (joint capacity).

Figure 3.43 presents a bar plot of the damage and ultimate loads for all joint

specimens. These values are summarized in Table 3.9. Arrows within the table are used to

indicate the displacement direction when the onset of a particular mode was recorded. The

failure modes are listed in the sequence in which they were observed to occur. The

performance of standard bolted joints was tightly grouped, while a more widespread

performance was observed for bolted joints with doubler plates.

For downward displacement of joints without doubler plates, the peak ultimate

loads were observed for the gusseted specimens, BP-5 and BT-6, at 23.74 KN and 20.94

KN, respectively. Specimen BT-2 showed the lowest peak capacity, at 16.99 KN. The

peak capacity of specimens with protruding-head bolts showed a 5 percent increase, when

compared with specimens with tapered-head bolts. The use of gusseted steel I-beam

members produced a 24 percent strength increase for the protruding-head bolt

configurations (BP-3 versus BP-5), and a 10 percent increase for the tapered-head bolt

configurations (BT-4 versus BT-6).
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Figure 3.43. Damage Load and Ultimate Load
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Table 3.9. Damage Load, Ultimate Load and Failure Modes

Pdmg (KN) P.1, (KN)

Specimen Load Load Load Load Failure Modes

Down Up Down Up

BP-1 13.26 17.13 17.93 19.92 BLSC I, NSBL T

BT-2 11.73 14.10 16.99 16.18 NSBLT

BP-3 11.92 13.08 18.15 19.48 BLSC 1, NSBL T

BT-4 13.15 8.10 18.82 20.38 NSBL T

BP-5 15.45 13.34 23.74 14.67 BLSC I, NSBL T

BT-6 15.67 13.20 20.94 14.87 BLSC J,,NSBL "

BT-7 9.95 14.33 17.65 19.10 NSBL

DM-1 22.23 23.61 23.05 24.79 BLSC ,, DLEC T, FFIB T

DL-2 30.36 25.00 34.00 30.27 BUDE J,, BLSC ,, DLEC T,
DUEC ,, GSDE ,

DL-3 23.18 20.38 30.50 27.97 DLEC T, BLSC j,, GSDE I

DS-4 23.06 18.62 31.81 24.17 DUEC T, FFIB 1, BLSC 1, DLEC T

DL-5 7.71 9.27 9.91 12.52 BLSC ,, BUDE T, DLEC T

DM-6 6.88 10.20 10.30 12.78 BLSC J, DLEC J,, GSDE

DL-7 13.99 9.38 17.43 19.84 BLSC 4, DLEC 1,, FFIB 4,, BUDE T,
DUEC 1,, GSDE T

BD-1 5.60 2.77 4.89 2.46 DACB T

When subjected to upward displacement, the peak ultimate loads were recorded for

specimens BT-4 and BP-1, with magnitudes of 20.38 KN and 19.92 KN, respectively. The

lowest capacity was observed for specimen BP-5, at 14.67 KN. The use of protruding-head

bolts and steel washers resulted in larger bending rigidity and joint capacity, when

compared to tapered-head bolted joints. For specimens BP-5 and BT-6, the use of gussets

led to failure by BLSC, which resulted in higher capacities when displaced downward, but

did not lead to ultimate failure.

In specimens with gusseted I-beam supports, for both protruding-head and tapered-

head bolts, damage first occurred in the form of BLSC and ultimate failure occurred by
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NSBL, when displaced downward. NSBL developed at the upper surface of the composite

beam, particularly in specimens with tapered-head bolts, due to the lower bending

resistance of the section when displaced upward. NSBL was the dominant failure mode for

specimens with tapered-head bolts and typically occurred during upward loading. BLSC

and NSBL were the dominant failure modes for specimens with protruding-head bolts and

ultimate failure occurred when loaded upward. It was apparent that the gussets

substantially increased the stiffness of the steel I-beam member, and to some degree, they

also increased the strength of the joint. Also, by using gussets, damage initiated as BLSC,

which is a less catastrophic mode than, for instance, net-section failure (NSBL).

Specimens without gussets were prone to failure initiation in the upward direction.

In joints with doubler plates subjected to downward displacement, the peak ultimate

load was observed for specimen DL-2, at 34 KN, followed by specimen DS-4, at 31.81

KN. Specimen DL-5 attained the lowest capacity of 9.91 KN. When displaced in the

upward direction, the peak ultimate load was attained by specimen DL-2, at 30.27 KN,

followed by specimen DL-3, at 27.97 KN. Due to the complex geometry of the joint,

combinations of failure modes were observed for these specimens. BLSC was identified as

the only common mode for all specimens and it occurred when displacing the beams in the

downward direction.

For specimens with foam inserts, delamination at the upper and lower surfaces of

the composite (DUEC, DLEC) was typically observed, followed by FFIB, in which fracture

along the foam insert occurred as a consequence of delamination and later expanded to the

center of the foam insert. Specimen DL-7, using a long doubler, showed a combination of

virtually all of the failure modes, including BUDE and GSDE, the latter being the more

catastrophic type of failure. This observation suggested that reducing the width of the

doubler plates (and thereby altering the geometry of the foam inserts) resulted in a more

gradual and less catastrophic sequence of failure modes, which was the case for DM-1 and

DS-4, where GSDE was not present and larger joint capacities were achieved (23 KN and

32 KN, respectively). For the specimens without foam inserts, ultimate failure by GSDE

was observed, as well as delamination and bearing modes. Of all the joints tested, DL-2

achieved the peak capacity, but ultimate failure occurred by GSDE.
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3.6.6. Initial Joint Rotational Stiffness, J

The initial joint rotational stiffness, I, is defined as the initial slope of the moment

versus rotation curve, during the first loading cycle, where the displacement ranges from 0

to 5.08 mm. A typical moment versus rotation curve for the first loading cycle set is

presented in Figure 3.44, where Jd is the slope of the curve for downward loading and J. is

the slope of the curve for upward loading. These curves were created by plotting the

bending moment at the centerline of the joint versus the rotation computed from the

centerline to the edge of the steel flange.

Figure 3.45 presents a schematic of the force and joint rotation during loading of the

test specimen in the downward direction. In the figure, PR (or PL) is the applied load at the

end of the composite beam; d is the moment arm, defined as the distance measured from

the load application point to the joint centerline (381 mm); M is the bending moment at the

joint, computed as the product of PR (or PL) times d; and 0 is the joint rotation. Assuming

small displacements during the first loading set of cycles (± 5.08 mm), 0 was computed as

the average displacement reading at the inner LVDTs (V5, V6, V7 and V8), divided by the

distance from these transducers to the symmetry plane of the specimen, 1 (133 mm).
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Figure 3.44. Typical Moment versus Rotation Curve for Cycle Set 1
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Joint Centerline - symmetry plane

Figure 3.45. Loading of Test Article in Flexure

Table 3.10 presents a summary of the computed values for Jd and J,,. For standard

bolted joints, specimens BP-5 and BT-6 are the stiffest due to the additional resistance of

the steel gussets. When compared to specimen BT-2 (bolted joint with two rows of bolts),

specimen DS-4, with a single row of the same diameter bolts, is 30 percent stiffer when

displaced downward, and 34 percent stiffer when displaced upward. In general, these

results show that bolted joints with doubler plates and foam inserts can be made

rotationally stiffer than standard bolted joints, when loaded in bending.
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Table 3.10. Initial Joint Rotational Stiffness, J

J (KN-m/rad)
Specimen Jd J

BP-1 269.40 230.11

BT-2 271.60 226.79

BP-3 252.19 218.71

BT-4 242.26 227.37

BP-5 315.83 291.67

BT-6 318.77 282.51

BT-7 249.74 231.88

DM- 1 205.91 173.20

DL-2 350.30 330.92

DL-3 356.42 317.48

DS-4 389.12 346.21

DL-5 348.27 328.54

DM-6 212.32 182.11

DL-7 371.55 322.68

BD-1 221.33 187.34

3.7. Hybrid Joint Selection for Large-Scale Panel Testing

The primary goal of the sub-component joint testing study presented in this chapter

was to develop a watertight, hybrid connection, which could be implemented into the

hydrostatic testing of a large-scale, four-panel assembly. Selection of an acceptable joint

configuration was based upon the relative performance of potential concepts with regards

to joint capacity, rotational stiffness, failure mode sequence, and the ability to seal the joint

for watertight integrity.
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The results of this study have shown that, for resisting bending loads, joints with

doubler plates can be made stronger and rotationally stiffer than standard bolted joints. For

example, when compared to its standard bolted joint counterpart (BT-2, two rows of the

same diameter bolts), a joint using a short doubler plate, a foam insert, and a single row of

bolts (DS-4), was found to be at least 46 percent stronger and 29 percent stiffer when

displaced downward, and 33 percent stronger and 34 percent stiffer when displaced

upward. Doubler plates proved effective in mitigating opening of the joint, which will

improve the ability to seal the joint and maintain watertight integrity. Hence, the additional

expense and geometric complexity of bolted joints with doubler plates and foam inserts

may be justified for some underwater applications.

When comparing the performance of all joint configurations with doubler plates, it

was observed that a joint with a short doubler plate, such as DS-4, can attain capacities

comparable to those of joints with long doubler plates (DL-2, DL-3). When compared to

DS-4, the use of long doublers induced more catastrophic failure sequences, which

ultimately led to complete separation of the composite beam from the joint region (GSDE).

Moreover, DS-4 requires roughly half of the material for fabrication of the doubler plates

and half the number of bolts than those joints with medium and long doubler plates. This

may be a significant factor when considering installation and/or maintenance of large-scale

structures that require multi-panel assemblies using bolted connections. In light of these

observations, the short doubler and foam insert joint configuration (DS-4) was selected for

implementation into the hybrid, four-panel assembly presented in Chapter 4.
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4. Structural Testing of the Panel Assembly under Hydrostatic Load

4.1. Panel Testing Rationale

This section presents the structural testing of a large-scale, modular panel

assembly, which incorporates the DS-4 joint configuration described in Chapter 3. Four

modular panels were assembled using this joint scheme, and loaded with uniform

hydrostatic pressure, until failure was attained. A novel hydrostatic test system was

developed and implemented for this study. The results obtained from this test serve as

verification of the design of the hybrid panel assembly, proof of the hybrid joint concept,

and demonstration of the fabrication details and techniques using a VARTM process.

Additionally, the test results are used to validate global finite element models of the panel

assembly response.

4.2. Panel Testing Objectives

The main goal of testing a large-scale region of the hybrid lifting body was to

assess the structural performance of the MACH concept, when applied to a modular,

multi-panel assembly. The region selected for testing consists of four panels, located at

the lower, aft section of an existing hybrid lifting body design, as shown in Figure 4.1.

This region represents a highly stressed area on the lifting body, where the actual panels

had a slight curvature. Flat panels were used to simplify the test system and the

manufacturing process, as well as to reduce test cost. In an effort to accurately represent

the panel assembly and hybrid joint regions, a testing scheme using four stiffened panels

was chosen for this study. This configuration encompassed the testing of multiple panels,

as well as an assessment of the watertight integrity of the hybrid joint region.
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Region selected for
MACH panel testing

Figure 4.1. Hybrid Lifting Body Schematic

4.3. Geometry of the Hybrid Panel Assembly

The hybrid panel assembly consists of four EG/VE composite panels, attached to

steel 1-beam members by means of the DS-4 joint configuration, and bolted down to the

boundaries of a test tank. As shown in Figure 4.2, the hybrid panel assembly was

attached as the top element in a hydrostatic pressure tank test system, by using bolts at

the tank boundaries. An O-ring gasket was used to create a watertight seal between the

test tank and the outer edges of the assembly. Figure 4.3 presents the geometry of the

hybrid panel assembly, where the small panels were labeled as P01 and P02, while the

large panels were labeled as P03 and P04. The I-beam arrangement, representing the

bulkheads of the lifting body structure, was composed of one 3.14-meter W14x53 beam,

and two, 1.74-meter WWx31, beams. As described by Thompson et a[. [2005], these I-

beams were chosen to attain panel displacements that are as close as practical to the

displacements computed for the actual lifting body, using a global finite element analysis.
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Figure 4.2. Hybrid Panel Assembly and Hydrostatic Test Tank Configuration
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Figure 4.3. Geometry of the Hybrid Panel Assembly (in meters)

79



4.3.1. Component Panel Design and Geometry

The bulk of the composite panel design was based upon parametric, global finite

element analyses conducted by Thompson et al. [2005]. This study determined that, for a

quasi-isotropic EG/VE panel, for panel sizes ranging from 1.22 meters to 1.83 meters, the

optimal number of stiffeners is three, with a trapezoidal tapered hat shape.

Figure 4.4 and Figure 4.5 present the top and cross-sectional views of the small

panel geometry, respectively. Figure 4.5 corresponds to section A-A in Figure 4.3. This

view depicts the connection of a small panel to a W8x31 steel I-beam member at the

hybrid joint region, as well as the connection of the panel to the tank side wall. The small

panels use three 51-mm deep, trapezoidal shape hat-stiffeners, aligned with the short

dimension of the panel. Figure 4.6 shows the geometry of the hat stiffeners on the small

panels.

0.102 0.292 0.406 0.406

1.185 0.813

1''

0.114

1.74

Figure 4.4. Geometry of the Small Panels - P01, Top View (in meters)
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Figure 4.5. Geometry of the Small Panels - P01, Cross-Sectional View (in mm)
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Figure 4.6. Section C-C Hat-Stiffener Geometry for Small Panels (in mm)
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Figure 4.7 and Figure 4.8 present the top and cross-sectional views of the large

panel geometry, respectively. Figure 4.8 corresponds to section B-B (Figure 4.3), which

depicts the connection of a large panel to a W14x53 steel I-beam member and the

connection of the panel to the tank side wall. These panels use three 152-mm deep,

trapezoidal shape hat-stiffeners, aligned with the short dimension of the panel. A

sectioned view of the hat-stiffener geometry of the large panels is shown in Figure 4.9.

For both small and large panels, the laminate thickness was tapered from 25.4 mm at the

edges, to 12.7 mm at the center of the panels.
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Figure 4.7. Geometry of the Large Panels - P03, Top View (in meters)
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Figure 4.8. Geometry of the Large Panels - P03, Cross-Sectional View (in mm)
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Figure 4.9. Section D-D Hat-Stiffener Geometry of Large Panels (in mm)
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4.3.2. Description of the Hybrid Joint Region

Based on the sub-component test results presented in Chapter 3, a hybrid joint

with a short doubler plate and a foam insert (DS-4) was selected to connect the composite

panels to the steel I-beam members. An exploded view of the hybrid assembly schematic

is shown in Figure 4.10. The panel assembly consists of four hat-stiffened panels, bolted

onto the boundaries of the hydrostatic test tank. The hybrid joint region is composed of

four doubler plate sections (with two rows of bolts), a centerpiece doubler plate, the

edges of the composite panels, and two steel I-beams. For clarity, the steel I-beams are

not shown in this figure. It is noted that the surfaces with doubler plates represent the wet

side of the actual hybrid lifting body. Doubler plates are designated as "D##," where "D"

stands for "doubler," and the digits represent the panels that the doubler plate connects.

For instance, D34 is the doubler plate connecting the large panels, P03 and P04.

DDoubler plate, D34
Doubler plate, D41

Centerpiece doubler, CP
Doubler plate, D23

Doubler plate, D12

Figure 4.10. Hybrid Assembly Schematic (Exploded View)

A photograph of the short doubler with foam insert joint (DS-4) is shown in

Figure 4.11 and Figure 4.12 shows a schematic of the joint details and dimensions. As

described in Chapter 3, the joint consists of a composite panel sandwiched between a
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steel I-beam member and a 146-mm wide by 6.35-mm thick, steel doubler plate. Foam

inserts were used to increase the strength and rigidity of the joint and to fix the start of the

tapered region with the edge of the steel flange. These members were joined together by

two rows of 12.7-mm, grade 5 tapered-head bolts, spaced at 38.1 mm on each side of the

steel web. A total of 206 bolts were used at the hybrid joint region. For watertight

integrity, a layer of RTV, clear silicone was applied at the interfaces between the steel

members and the composite panels. The hybrid joint and panel assembly procedures are

summarized in Appendix G.

Figure 4.11. Photograph of Short Doubler and Foam Insert Joint (DS-4)
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Steel
I-beam

member

12.7-mm diameter
2 /bolts

6.35 19.0

S146"•

203

Figure 4.12. Schematic of Hybrid Joint Details and Geometry (in mm)

Use of the DS-4 joint configuration provided a relatively simple and cost-

effective connection scheme to manufacture and assemble, while achieving good

watertight integrity, when compared to a standard bolted joint configuration. The steel

doubler plate prevented the joint from opening and allowed a better clamping force

distribution through the thickness. The use of tapered-head bolts allowed a more

hydrodynamic profile by providing a flushed surface on the wet side of the assembly.

4.4. Materials and Test Article Fabrication

Fabrication of the composite panels was carried out at the Hybrid Structures

Laboratory, at the University of Maine, using a vacuum assisted resin transfer molding

process (VARTM). DOW Derakane 8084 Vinyl Ester resin and E-Glass fibers were used

as the panel constituents. The reinforcing fibers were 680-gm, 0/90, and 680-gm, ± 45,

"knit fabric, and were provided by Brunswick Technologies, Inc. (BTI). DIAB Divinycell

H-80 foam was used to fabricate the foam inserts and the hat-stiffener sections.

A 12.7-mm thick, [(±45)f (0/90)f]4s quasi-isotropic lay-up was used as the

laminate architecture. The tapered region of the composite panels was created by
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interleaving ± 45 and 0/90 full-panel sheets with 0/90 drop ply strips at the boundaries.

This arrangement provided a total laminate thickness of 25.4 mm at the edges, tapering

down to 12.7 mm at the center of the panels. In order to account for the doubler plate

region, fabrication of the panels was performed on a 3-m by 3-m table, with a pre-

fabricated steel mold.

The small panels and the hat-stiffeners were co-infused and photographs of their

fabrication stages are shown in Figure 4.13. Resin infusion lines were placed on top of

the stiffeners and vacuum lines were located at the edges of the fabrication table. To

manufacture the stiffeners, the foam sections were positioned at the desired stiffener

locations and a total of eight E-Glass layers were placed on top of each foam

arrangement. A schematic of the lamination sequence for the hat-stiffener fabrication is

shown in Figure 4.14.

a) Panel and Hat-Stiffener Lay-Up

b) Panel Infusion

Figure 4.13. Fabrication of Small Panels
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Side View Front View

Figure 4.14. Lamination Sequence for Hat-Stiffener Fabrication

Fabrication of the large panels was carried out in two stages: 1) fabrication of the

flat panels, and 2) fabrication of the hat-stiffeners. The first stage is shown in Figure

4.15, where the flat panels were infused and allowed to cure. Infusion lines were placed

at 1/3 and 2/3 of the width of the fiber arrangement, and vacuum lines were located at the

boundaries of the fabrication table. This insured a relatively even resin flow. After

curing, the surfaces where the stiffeners were to be applied were rough sanded and wiped

with acetone to remove debris.

a) Panel Lay-Up b) Cured Flat Panel

Figure 4.15. Large Panel Fabrication, Stage 1: Flat Panels
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During the secondary stage, shown in Figure 4.16, foam sections were placed at

the desired locations on the panels and the E-Glass fabric arrangement in Figure 4.14 was

laid. up on top of the foam forms. Resin infusion lines were placed on top of the

stiffeners, while vacuum lines were located between stiffeners and at the boundaries of

the fabrication table. After curing, the edges of the panels were trimmed and drilled for

installation onto the hydrostatic test tank.

a) Hat-Stiffener Lay-Up

b) Resin Infusion

c) Cured Stiffened Panel

Figure 4.16. Large Panel Fabrication, Stage 2: Hat-Stiffeners
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4.5. Panel Testing Procedures

4.5.1. Test Setup

A schematic of the hydrostatic test setup is presented in Figure 4.17. The testing

apparatus for the panel assembly consisted of two main components: a hydrostatic test

tank, used as the fixed base for the hybrid assembly; and a pressure vessel, used to apply

the desired load to the panels. Figure 4.18 shows the geometry of the hydrostatic test

tank. Design of the test tank was based upon the geometry of the hybrid assembly, the

required pressure load, and the space constraints of a 1335-KN grillage and reaction

frame in the laboratory. With a panel design load of 82.74 kPa, and using a maximum

safety factor of three, a minimum test pressure capability of 248 kPa was required to

insure failure of the panels. A final pressure of 690 kPa was established as the target

design pressure for the test tank.

Laser welded tank
wall channel Access holes

Pressure
vessel

W36 x 300 grillage Hydrostatic test
tank

Figure 4.17. Schematic of Hydrostatic Test Setup
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3.340

RO.203

3.190 3.690

0.406

-- 2.832

Figure 4.18. Geometry of the Hydrostatic Test Tank (in meters)

The hydrostatic test tank was comprised of four, custom laser welded, 337-mm

deep, steel channel sections to form the walls, and a 38-mm thick steel plate to form the

bottom of the tank. Figure 4.19 shows a typical laser welded channel. To provide

adequate stiffness to the top and bottom flanges, 12.7-mm thick web stiffeners were

welded to the channels, on 381-mm centers. A photograph of a welded channel, prior to

welding of the stiffeners, is shown in Figure 4.20, and its cross-sectional dimensions are

shown in Figure 4.21. The steel channel sections were fabricated at the Applied Thermal

Sciences, Inc. Laser Processing Facility, in Sanford, Maine. Use of laser welding made it

possible to create custom channel sections, while minimizing welding distortion and

insuring watertight integrity at the tank and composite panel interfaces.
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O-ring groove

S~12.7-mm web

stiffeners

Figure 4.19. Typical Laser Welded Channel with Stiffeners

Figure 4.20. Laser Welded Channel at ATS Processing Facility
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152

6.68 19.0

12.7-mm thick
stiffeners at

33381-mm centers

337

12.7 12.7

S~~254

Figure 4.21. Cross-Sectional Dimensions of a Laser Welded Channel (in mm)

Figure 4.22 depicts the connection of a laser welded channel to the test tank base

plate and the W36x300 grillage. As illustrated in Figure 4.23, the composite test panels

were connected to the hydrostatic test tank by sandwiching the panels between the top

flange of the tank channels and a 25.4-mm thick, steel backing plate. The panels were

bolted to the tank using 22.2-mm, grade 8 steel bolts, arranged in a pattern shown in

Figure 4.18. A watertight seal was created by using a 9.53-mm, square rubber O-ring,

located in a 15.88-mm x 6.68-mm deep gland, on the top flange of the tank, inside the

first bolt row. The bottom flanges of the laser welded channels were bolted to the 38-mm

thick, steel bottom plate. The bottom plate was then attached to the top flange of the

W36x300 grillage, by using 25.4-mm, grade 8, steel bolts.
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Bottom plate Laser welded

channel

W36 x 300
grillage

Figure 4.22. Connection of a Laser Welded Channel to the W36x300 Grillage

22.2-mm, grade 8,
steel bolts 25.4-mm

Comp osite anel thick, steel
C tb•acking plate

O-ring gland 25.4-mm,

grade 8,

38-mm steel bolts

thick, 
steel

bottom plate
NN• Tank side wallI

Figure 4.23. Connection of a Composite Panel to a Laser Welded Channel Using a
Steel Backing Plate
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4.5.2. Testing Method

Testing of the panel assembly was conducted at the Hybrid Structures Laboratory,

at the University of Maine. A critical aspect of the hydrostatic testing procedure was to

devise a method to accurately regulate the tank pressure. Researchers have utilized

various methods for simulating hydrostatic and aerodynamic loads for testing of panels.

Some of these approaches were reviewed for their potential application to the MACLH

concept panel testing.

Among the methods considered for loading of the hybrid assembly was a pressure

bladder approach, in which a distributed flexural load is applied in conjunction with a

traditional load frame [ASTM D6416-99, 2004]. Though this method could be adapted

for large-scale panel testing, the watertight integrity of the joint could not be adequately

evaluated. Another approach considered was the D-Box test fixture, developed by

Lockheed Aeronautical Systems and later applied by NASA Langley Research center

[Arbur et al., 1995], which utilizes a sealed box pressurized with air or other inert gas to

generate flexural loading on full-scale curved panels. Due to the complexity and cost

associated with the test fixture, this technique was not well suited for panel testing.

Another technique used is multiple point loading, where pads are bonded to a plate or

outer skin. The nature of this technique makes it difficult to evaluate watertight integrity

and to achieve a realistic distributed panel load.

In light of the apparent inadequacies of the aforementioned techniques for panel

testing and their application to the MACH concept, devising a hydrostatic/hydrodynamic

test system was essential. By utilizing water as the testing medium, it is possible to

evaluate both the structural response of the panel assembly and the watertight integrity of

the hybrid joint, thereby avoiding potentially dangerous situations associated with high

volumes of compressed air. An air-over-water method was selected to apply pressure to

the hybrid panel assembly, based on its safety, simplicity, and relatively low cost. This

method also allowed the use of the laboratory's existing 827-kPa air supply.

Figure 4.24 shows a schematic of the hydrostatic pressure test setup. A 984-L

pressure vessel, filled with water, was the interface between the compressed air and the

test tank. To insure that no initial hydrostatic pressure was developed, the vessel was

filled to a height equal to the top of the test tank. A Control Air, Inc. 700 precision,
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manual regulating valve was used to achieve the desired pressure level, by manually

dialing in each pressure step.

827-kPa
air supply Control Air, Inc. 700 precision,

Smanual regulating valve

Ball valve 517-kPa pop-safety valve
Bal I valve for venting tank Drc /

984-L,
1379 kPa Air Panel assembly "
pressurevesselI . . .

Water 1VishayTMstain

Sight tube Omega® PX303
S[• ~pressure transducer --

Ball valve 517-ka water valve Data acquisition

Ball valve Ball valve

552-kPa, fill/drain pipe
(building water supply)

Figure 4.24. Schematic of Hydrostatic Pressure Test Setup

Testing of the hybrid panel assembly was conducted in a cyclic fashion. Cyclic

testing was used to study the stiffness degradation of the structural system due to

repetitive loading cycles, and to assess the load level at which the onset of damage

occurred. The complete test was composed of a total of six cycle sets, as shown in Figure

4.25. Each cycle set was comprised of three equal load cycles. The pressure level was

varied in increments of 6.90 kPa, from atmospheric pressure to a peak value of 248 kPa

(three times the design pressure of 82.74 kPa). Load, displacement and strain data were

recorded at each pressure step.
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Figure 4.25. Pressure Cycle History

4.5.3. Instrumentation

Due to the large scale of the panel assembly and the limited number of available

channels for data acquisition, instrumentation of all four panels was unfeasible. Instead,

only two of the four panels (P01 and P03) were heavily instrumented, using metal foil

strain gages and linear variable displacement transducers (LVDTs), to measure strains

and vertical displacements at discrete locations on the panels and the steel I-beam

members. The applied pressure was measured using an Omega® PX303 pressure

transducer, mounted on one of the side walls of the test tank. In addition,

photogrammetry targets were used to monitor the displacement field.

Strain gages were procured from Micro-Measurements Group, Inc. A total of

forty-eight uniaxial gages, type CEA-00-250UW-350, and four rosette gages, type CEA-

00-250UR-350, were installed on the composite panel surfaces. A total of fourteen

uniaxial gages, type CEA-06-250UW-350, were mounted on the steel members. A total

of fifteen MacroSensorsTM LVDTs were used to measure the vertical displacement of the

panels and the I-beam members. Six LVDTs were placed on each panel, P01 and P03,

and one LVDT was placed at the crossing point of the I-beams to monitor the global
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displacement of the assembly. For P02 and P04, one LVDT was placed at the center of

each panel.

Figure 4.26 shows a schematic of the hybrid panel assembly and the naming

conventions used to identify its various components. The small panels are identified as

P01 and P02, while the large panels are identified as P03 and P04. Doubler plate

designations are shown in the figure, where the centerpiece doubler is designated as CP.

A local coordinate system is used for each panel and labeled according to the panel

number, i.e. x1, y,, for small panel 1 (P01), etc. The origin of the coordinate systems is

located at the center of CP. Strain gages and LVDTs were designated according to the

instrumentation naming convention presented in Table 4.1.

D12

P02 P01
Y2 Yi

X2 Xj

D23 D41
CP Y3 y4

D34

P03 P04

Figure 4.26. Naming Conventions and Coordinate Systems for Hybrid Assembly
Components
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Table 4.1. Instrumentation Naming Convention

Device I.D. Description Location

ST#-# (strain, top) Uniaxial strain gage Top surface of the panel (wet side)

SB#-# (strain, bottom) Uniaxial strain gage Bottom surface of the panel (dry side)

SD#-# (strain, doubler) Uniaxial strain gage Doubler plates (wet side)

SF#-# (strain, flange) Uniaxial strain gage Flanges of the steel I-beam (dry side)

SCB#-# (strain, I-beams) Uniaxial strain gage Crossing of steel I-beam members

RT#-# (rosette, top) Rosette strain gage Top surface of the panel (wet side)

RB#-# (rosette, bottom) Rosette strain gage Bottom surface of the panel (dry side)

DP#-# (disp., panel) LVDT Dry surface of the panel

DCB#-# (disp., I-beams) LVDT Crossing of steel I-beam members

In Table 4.1, the first number following the letters corresponds to the panel

number on which the device was installed, and the second number corresponds to the

device number. For instance, STI-I stands for "Strain gage on the Top surface, panel I,

gage number L." Similarly, DPI-I stands for "Displacement sensor, Panel 1, LVDT

number '."

Figure 4.27 shows a schematic of the strain gage configuration for the wet side of

P01, while Figure 4.28 shows that of the dry side. The geometric locations of the strain

gages on the wet and dry surfaces of the panel are presented in Tables 4.2 and 4.3,

respectively. The LVDT configuration for P01 is depicted in Figures 4.29 and 4.30. The

geometric locations of the LVDTs are summarized in Table 4.4.

99



SDl-4 SD1-6
XjSD1-3 SD1-5

STI-9Cr 1 RTI-5C (x)
FST1-8 'iRT1 -5B (45)F-

Y-1 RT1-5A(y)

'ST1-7 STI-4
SD1-2 ~ : ST1-6 LT-
SD1-1 SiI

STII I

STI-JO2

L j

Figure 4.27. Strain Gage Configuration for P01, Wet Side

SB 1-1
SB 1-2

SBI-10 SB 1-6
SFI1- SBI-11 SBI1-7
SF1-2 SB3

SB 1-3

RB 1-5 A (y)

SBM-S RB 1 -5B (45L
y SBI-9L fRBI1-5 C(x)

SFL1-3 SF1-S
xJSF 1-4 SF1-6

Figure 4.28. Strain Gage Configuration for PO1, Dry Side
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Table 4.2. Strain Gage Locations for P01, Wet Side

Gage
Gage I.D. Gage type x, (mm) yj (mm) Location direction

STI-I Uniaxial 813 719 Panel, Top x/
STI-2 Uniaxial 813 711 Panel, Top ,/
STI-3 Uniaxial 821 522 Panel, Top x/
STI-4 Uniaxial 813 522 Panel, Top y/

RT1-5A Rosette 813 144 Panel, Top y/
RT1-5B Rosette 813 144 Panel, Top y1
RT1-5C Rosette 813 144 Panel, Top x1
ST1-6 Uniaxial 586 522 Panel, Top Xl
ST1-7 Uniaxial 606 522 Panel, Top y/
STI-8 Uniaxial 606 127 Panel, Top yj
STI-9 Uniaxial 606 117 Panel, Top XI

ST1-10 Uniaxial 127 524 Panel, Top x/
STI-I1 Uniaxial 117 524 Panel, Top '1
SDI-1 Uniaxial 48 524 D12, Top xI
SD1-2 Uniaxial 38 524 D12, Top Y/
SDI-3 Uniaxial 581 48 D41, Top Y/
SDI-4 Uniaxial 581 41 D41, Top x/
SDI-5 Uniaxial 813 52 D41, Top y1
SDI-6 Uniaxial 813 41 D41, Top x,
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Table 4.3. Strain Gage Locations for P01, Dry Side

Gage
Gage I.D. Gage type x, (mm) y, (mm) Location direction

SBI-1 Uniaxial 813 719 Panel, Bottom xt
SB1-2 Uniaxial 813 711 Panel, Bottom y'
SB 1-3 Uniaxial 821 522 Panel, Bottom x_
SB 1-4 Uniaxial 813 522 Panel, Bottom Yj

RBI-5A Rosette 813 144 Panel, Bottom Y1
RB I-5B Rosette 813 144 Panel, Bottom y/
RBI-5C Rosette 813 144 Panel, Bottom x_
SB 1-6 Uniaxial 586 522 Panel, Bottom x/
SB 1-7 Uniaxial 606 522 Panel, Bottom Y/
SB 1-8 Uniaxial 606 127 Panel, Bottom y1
SB1-9 Uniaxial 606 117 Panel, Bottom x/

SB1-10 Uniaxial 127 524 Panel, Bottom x_
SBI-11 Uniaxial 117 524 Panel, Bottom y/
SFI-I Uniaxial 48 524 FY xi
SF1-2 Uniaxial 38 524 FY y/
SFI-3 Uniaxial 581 48 FX yj
SFI-4 Uniaxial 581 41 FX x/
SF1-5 Uniaxial 813 52 FX Yl
SF1-6 Uniaxial 813 41 FX x/

DPI-4
S .

DPI-3 DP1-6 DP~I- DPI-S

Y1

0 DP1-2

xl

Figure 4.29. LVDT Configuration for P01, Plan View
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It
7 DP 1-3 DP 1-6 DP 1-2 DPI-5

DPI-I
DCB-] DP 1-4

Figure 4.30. LVDT Configuration for P01, Side View

Table 4.4. LVDT Locations for P01, Dry Side

Sensor
LVDT I.D. Location x, (mm) Y, (mm) Range (mm)

DPI-I Middle stiffener 800 521 +/- 76.2

DP1-2 Joint region 800 127 +/- 12.7

DP1-3 Joint region 146 521 +/- 12.7

DPI-4 Middle stiffener 800 724 +/- 50.8

DPI-5 Outer stiffener 1207 521 +/- 12.7

DPI-6 Panel surface 559 521 +/-50.8

Schematics of the strain gage configuration for the wet and dry sides of P03 are

shown in Figures 4.31 and 4.32, respectively. Strain gage locations are summarized in

Tables 4.5 and 4.6. LVDT configuration schematics for P03 are presented in Figures

4.33 and 4.34 and their geometric locations are presented in Table 4.7.
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Figure 4.31. Strain Gage Configuration for P03, Wet Side

SF3-i
SF3-2 3w

SB3-1O0
SB3-11 Y3

SB3-7. SSU3-
SB3-6 I"SB3-8 SF4

SB3-I1 SB3-3 RB33-5A (y) SF33-5
SB3-2 SB3-41 RB3-5B (45' SF3-6

RB3-5C (x)

Figure 4.32. Strain Gage Configuration for P03, Dry Side
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Table 4.5. Strain Gage Locations for P03, Wet Side

Gage I.D. Gage type x 3 (mm) Y3 (mm) Location Gage
direction

ST3-1 Uniaxial 1149 864 Panel, Top y3

ST3-2 Uniaxial 1162 864 Panel, Top X3

ST3-3 Uniaxial 813 864 Panel, Top Y3

ST3-4 Uniaxial 813 864 Panel, Top X3

RT3-5A Rosette 121 864 Panel, Top y3

RT3-5B Rosette 121 864 Panel, Top X3

RT3-5C Rosette 121 864 Panel, Top X3

ST3-6 Uniaxial 813 578 Panel, Top Y3

ST3-7 Uniaxial 813 565 Panel, Top X3

ST3-8 Uniaxial 117 578 Panel, Top Y3

ST3-9 Uniaxial 127 578 Panel, Top X3

ST3-10 Uniaxial 810 130 Panel, Top Y3

ST3-11 Uniaxial 810 121 Panel, Top X3

SD3-1 Uniaxial 806 51 D23, Top Y3

SD3-2 Uniaxial 806 38 D23, Top X3

SD3-3 Uniaxial 48 578 D34, Top X3

SD3-4 Uniaxial 38 578 D34, Top Y3

SD3-5 Uniaxial 48 864 D34, Top X3

SD3-6 Uniaxial 38 870 D34, Top
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Table 4.6. Strain Gage Locations for P03, Dry Side

Gage I.D. Gage type X3 (mm) Y3 (mm) Location Gage
direction

SB3-1 Uniaxial 1149 864 Panel, Top Y3

SB3-2 Uniaxial 1162 864 Panel, Top X3

SB3-3 Uniaxial 813 864 Panel, Top Y3

SB3-4 Uniaxial 813 864 Panel, Top X3

RB3-5A Rosette 121 864 Panel, Top y3

RB3-5B Rosette 121 864 Panel, Top X3

RB3-5C Rosette 121 864 Panel, Top X3

SB3-6 Uniaxial 813 578 Panel, Top y3

SB3-7 Uniaxial 813 565 Panel, Top X3

SB3-8 Uniaxial 117 578 Panel, Top Y3

SB3-9 Uniaxial 127 578 Panel, Top x3

SB3-10 Uniaxial 810 130 Panel, Top Y3

SB3-11 Uniaxial 810 121 Panel, Top X3

SF3-I Uniaxial 806 51 FX Y3

SF3-2 Uniaxial 806 38 FX X3

SF3-3 Uniaxial 48 578 FY X3

SF3-4 Uniaxial 38 578 FY Y3

SF3-5 Uniaxial 48 864 FY X3

SF3-6 Uniaxial 38 870 FY Y3
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Figure 4.33. LVDT Configuration for P03, Plan View
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Figure 4.34. LVDT Configuration for P03, Side View
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Table 4.7. LVDT Locations for P03, Dry Side

Sensor
LVDT I.D. Location x3 (mm) Y3 (mm) Range (mm)

DP3-1 Middle stiffener 813 889 +/- 76.2

DP3-2 Middle stiffener 1041 889 +/- 25.4

DP3-3 Joint region 813 165 +/- 25.4

DP3-4 Joint region 140 889 +/- 25.4

DP3-5 Outer stiffener 813 1448 +/- 25.4

DP3-6 Panel surface 813 483 +/-25.4

4.5.4. Data-Acquisition Configuration

Figure 4.35 shows a schematic of the data-acquisition system. Data-acquisition

was carried out using two PentiumTm 4, 2.4 GHz, 512-MB RAM systems, two

IOTECHTM Daqboard 2000 cards, a Daqbook 200, and nine VishayT" 2120 multi-channel

strain signal conditioners. These systems have 16 bit analog-to-digital conversion

resolution and are capable of reading a total of forty-eight channels at a throughput rate

of I kHz, which was appropriate for the rate of testing used in this study.

The data-acquisition process was controlled using the DAQFID5 software,

written at the University of Maine. Load, displacement and strain values were recorded

at every load step. A timed data taking routine was used to trigger the system every three

minutes, which was found to be an adequate time interval to allow pressure stabilization

inside of the test tank. Strain readings from seven signal conditioners were multiplexed

in order to accommodate all strain gages and the available number of channels. To

reduce the errors due to instrumentation noise, multiple samples were averaged during

data acquisition. Photogrammetry data was taken during the initial stage, prior to loading

of the assembly, and at the peak pressure values of 124 kPa and 248 kPa.

The data acquisition systems were labeled as DAQ-A and DAQ-B. DAQ-A was

equipped with the two DAQboard 2000 boards, capable of reading 32 channels, while

DAQ-B was configured with the Daqbook 200 to read 16 channels. The multiplexed

strain values were recorded using the DAQ-B system. Pressure transducer values were
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recorded with both systems. For data-acquisition purposes, the DAQ-A system acted as

the master system, which triggered DAQ-B to record data every three minutes.

Photogrammetry

Photogrammetry
data processing Instrumented

panel assembly

displacement readings

(Cconditioners

Multiplexed
channels

2-IOTECH Daqboards IOTECH Daqbook
(32 channels) (16 channels)

DAQ-A DAQ-B

Figure 4.35. Data-Acquisition System Schematic
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4.6. Panel Testing Results

The panel testing results were subdivided into four distinct sections: 1) load

versus displacement curves; 2) displaced panel shapes; 3) load versus strain curves; and

4) failure modes. Testing of the panels to failure allowed the verification of the panel

design and the manufacturing techniques. Additionally, it allowed an assessment of the

feasibility of implementing the DS-4 joint configuration into a large-scale panel

assembly. Correlation of the displacements recorded with LVDTs and photogrammetry is

also presented in this section.

4.6.1. Load versus Displacement Curves

Load versus displacement curves at various load steps are used to provide an

indication of stiffness degradation and to observe the onset of damage and ultimate

structural failure. The load versus displacement curves for panels P01 and P03 are

presented in Figures 4.36 and 4.37, respectively. These curves correspond to the vertical

displacement values recorded at the center of the middle stiffeners (DPI-1, DP3-1). Each

figure presents curves for the first three load cycle sets and the loops for the entire test.

Figures 4.36a and 4.37a show the load versus displacement curves for the initial

loading cycle set, with a peak pressure value of 41.37 kPa, one half of the panel design

load. For this case, the pressure was increased in steps of 3.45 kPa for the 0-21 kPa

range, and 6.90 kPa for the 21-41.37 kPa range. The curves for P01 and P03 exhibit a

stable, linear response, as the loading and unloading paths are nearly identical. For this

load cycle set, the maximum displacement values recorded for P01 and P03 were 3.26

mm and 3.47 mm, respectively.
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Figure 4.36. Load versus Displacement Curves for P01 (DPI-i)
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Figures 4.36b and 4.37b show the load versus displacement curves of panels P01

and P03, when loaded to the design pressure of 82.74 kPa. Linear behavior of the system

was observed and visual inspection of the panel assembly indicated no apparent damage.

The design load was reached without damage to the joint or the composite panels. For

this load cycle set, the maximum displacement values recorded for P01 and P03 were

8.70 mm (DP1-6) and 8.42 mm (DP3-6), respectively, which correspond to the

displacements recorded between stiffeners.

As described by Thompson et al. [2005], the peak deflection of the panels, Am•,

was established according to Equation (4.1), where L is the span of the panel and b is the

design factor. The panels were designed with a target value of bdesig,, = 200. Table 4.8

summarizes the maximum panel displacements at the design load, along with the values

of bep, computed using the experimental results. For both small and large panels, this

ratio is very close to the design target, with a peak difference of 9.14 percent for the large

panel.

A L (4.1)

Table 4.8. Maximum Panel Displacements at Design Load, P = 82.74 kPa

Panel L (mm) Amax (mm) bexp = L / Amax bdesign %

Difference

P01 1638 8.70 193.45 200 3.28

P03 1838 8.42 218.29 200 9.14

Figures 4.36c and 4.37c show the load versus displacement curves for the third set

of cycles, where the hybrid assembly was loaded to a pressure of 124 kPa. A slight

opening of the curves was observed for this loading step. At 117 kPa, failure was visibly

observed at the stiffener/panel interface, on the outer stiffener of P03, but was not

observable from the curves in Figure 4.37c, since damage was localized at the tapered
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region of the stiffener (Figure 4.38) and was not captured by the LVDT located at the

center of the stiffener (DP3-1). The onset of damage produced load redistribution fron-

the outer stiffener to the middle and inner stiffeners, until failure of all stiffeners occurred

during the last loading cycle set. For this set of loading cycles, the peak displacements

recorded for P01 and P03 were 13.47 mm (DPI-6) and 12.84 mm (DP3-6), respectively.

Figure 4.38. Onset of Damage at the Stiffener/Panel Interface (P03)

Load versus displacement curves for the entire test are shown in Figures 4.36d

and 4.37d. In both cases, the unloading path was different from the loading path, which

indicated permanent stiffness degradation within the composite panels. For the small

panel, P01, a peak displacement of 27.67 mm (DPI-6) was recorded, with no noticeable

damage occurring at either the stiffener/panel interfaces or at the joint region. For the

large panel, P03, a displacement of 63.76 mm (DP3-1) was recorded at the center of the

panel. Because the middle stiffener had completely separated from the composite panel

at this stage, the peak displacement was taken to be 51.94 mm (DP3-6). Failure of the

panels is described in Section 4.6.5. The complete set of load versus displacement plots

for all LVDT locations are presented in Appendix H.

Tables 4.9 through 4.11 summarize the peak displacement readings for all four

panels and I-beams, at four different pressure levels. For the first three loading cycle

sets, the displacement values recorded were relatively close to each other for any given
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location on the panels. The values recorded for DP3-1 and DP4-1 (center of middle

stiffeners on large panels) during the last loading cycle indicated imminent failure of the

middle stiffeners. The peak displacement recorded for the intersection of the I-beam

members was 7.58 mm at a pressure of 248 kPa.

Table 4.9. Summary of Displacements for P01

Pressure Displacement (mm)

(kPa) DPI-1 DP1-2 DP1-3 DP1-4 DP1-5 DP1-6

41.37 3.26 1.63 1.27 3.25 2.68 3.73

82.74 8.09 3.61 2.53 6.50 5.35 8.70

124 12.24 5.32 3.39 10.07 8.30 13.47

248 25.33 11.50 7.16 19.82 17.25 27.67

Table 4.10. Summary of Displacements for P03

Pressure Displacement (mm)

(kPa) DP3-1 DP3-2 DP3-3 DP3-4 DP3-5 DP3-6

41.37 3.47 3.31 1.28 1.72 2.18 3.75

82.74 7.53 6.63 2.67 3.44 4.35 8.42

124 11.16 10.07 3.80 4.97 6.58 12.84

248 63.76 49.26 14.09 11.94 28.56 51.94

Table 4.11. Summary of Displacements for P02, P04 and I-beams

Pressure Displacement (mm)
(kPa) DP2-1 DP4-1 DCB-1

41.37 3.72 3.37 1.28

82.74 7.44 6.74 2.56

124 11.15 10.69 3.39

248 23.73 74.99 7.58
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4.6.2. Displaced Panel Shapes

Figures 4.39 and 4.40 present the displaced shapes for panels P01 and P03 at

various pressure load levels, respectively. These shapes were plotted using displacement

values recorded at discrete LVDT locations, along the x and y directions for P01 and P03,

versus the LVDT location. In a qualitative sense, the curves for the first three pressure

level values indicate a nearly proportional increase of displacement with increasing

pressure.
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Figure 4.39. Displaced Shapes for P01
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Figure 4.40. Displaced Shapes for P03
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4.6.3. Correlation of Displaced Panel Shapes to Photogrammetry

Figures 4.41 and 4.42 present the displaced shapes for P01 and P03, for a pressure

of 124 kPa. These curves were plotted using displacement values recorded at discrete

locations, from LVDTs and photogrammetry targets. As depicted in Figure 4.26, the x1

axis is aligned transversely to the stiffener direction and yj is in the stiffener direction, for

P01. For P03, the X3 axis is aligned with the direction of the stiffeners and Y3 is transverse

to the stiffeners. In general terms, and for a pressure load level of 124 kPa, good

agreement was observed between the values recorded from the LVDTs and those from

the photogrammetry targets, with a peak discrepancy of 7 percent.
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Figure 4.41. Displaced Shapes for P01 at 124 kPa
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Figure 4.42. Displaced Shapes for P03 at 124 kPa

Figures 4.43 and 4.44 present the displaced shapes for P01 and P03, respectively,

for a pressure load of 248 kPa, after failure of the stiffeners had occurred on the large

panels. Good agreement was observed between the LVDT and photogrammetry target

readings for P01. In the case of P03 along the X3 direction, the curves in Figure 4.44
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show a clear discrepancy between the recorded values at the middle stiffener. This was

attributed to severe bending of the LVDT rods at this load level, which in turn under

predicted the deflection values on the large panels, particularly at the region where the

stiffeners had completely separated -from the composite panel. For the curves plotted

along the y3 direction, the LVDT and photogranrnietry curves showed good agreement,

except for the readings at the center of the middle stiffener, which differed by 13 percent.
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Figure 4.43. Displaced Shapes for P01 at 248 kPa
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Figure 4.44. Displaced Shapes for P03 at 248kPa

Readings from the photogrammetry targets were used to create surface plots of

the displaced panel assembly, as shown in Figures 4.45 and 4.46. The use of

photogrammetry aided in visualizing the global behavior of the panel assembly, which

would have not been attainable using the few, discrete displacement LVDT readings.

Figure 4.45 shows a surface plot of the displaced panel assembly when loaded to 124
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kPa. The valley-shaped regions in P03 and P04 display the effect of the stiffeners, while

the surfaces in red represent the regions between stiffeners, which show the peak

displacement values recorded, at 12.84 mm (DP3-6).

W8x31 I-beam W14x53 I-beam

12

10

8

6

4

2

;0

Figure 4.45. Surface Plot of Displaced Panel Assembly at 124 kPa Using
Photogrammetry (in mm)

Figure 4.46 presents the surface plot of the displaced panel assembly loaded to

248 kPa, after failure of all stiffeners on the large panels had occurred. Prominent peaks

are observed at the stiffener locations on P03 and P04, which depict the separation of the

middle stiffeners from the composite panels. At this stage, the stiffeners were no longer

effective, and peak displacements are observed on the stiffener regions closer to the fixed

boundary of the test tank.
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4.6.4. Load versus Strain Curves

Figure 4.47 shows selected load versus strain curves for P01. These values were

recorded from gages mounted on the surface of the middle stiffener (center of the panels).

In Figure 4.47a, the strain readings for POI correspond to gages mounted on the middle

stiffener (SBI-I, SB1-2, and SB1-3) and a gage placed between stiffeners (SB1-6).

Gages SBI-1 and SBI-3, transverse to the stiffener axis, are in compression, and SB1-2

and SB1-6 are in tension. A peak strain of 1000 microstrain was recorded at SBI-2. For

this initial load cycle set, the load versus strain curves exhibit linear behavior. It is noted
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that a failure strain of 15000 microstrain was chosen for the composite panels, based

upon material coupon tests.

50 Cycle set 1. 47.37 kPa 100 Cycle set 2. 82.74 kPa

S40 SB11-1 SB1-3 SB1-6 . U 80 SB1-3 S1-6

&30 60 BSBI-I-BI 2 M SB1-2

S20 'n 40

a- 10 a- 20

0 0

-1000 -500 0 500 1000 -2000 -1000 0 1000 2000 3000
Strain, microstrain Strain, microstrain

a) b)

140 Cycle set 3. 124 kPa 300 Complete loading cycle. 248 kPa
120 S-S 500

CU 100 SB1_6 SB1-3100 1 200 SB1-6
S80 SB1-1 SB1-2

2150
60 601U1 SB1-2

04
20 50
0 0
-4000 -2000 0 2000 4000 -5000 0 5000 10000

Strain, microstrain Strain, microstrain
c) d)

Figure 4.47. Load versus Strain Curves for P01

Figure 4.47b shows the load versus strain curves for P01, loaded to the design

pressure of 82.74 kPa. When compared to the low level strains in Figure 4.47a, all strain

values increased by roughly fifty percent, proportional with the increase in pressure. A

maximum strain of 2000 microstrain was recorded at SB 1-2, which is 7.5 times smaller

than the failure strain. The load versus strain curves were slightly open during the third

cycle set in Figure 4.47c. When compared to the strain values in Figure 4.47a, the peak

strains increased by a factor of approximately 3.4.

The complete set of load versus strain curves is shown in Figure 4.47d, where a

clear discrepancy in the final loading/unloading path is observed after a pressure of

approximately 125 kPa. In particular, this behavior is observed in the curves for SBI-1
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and SB 1-2, which are gages mounted at the center of the middle stiffener. A peak strain

value of 6076 microstrain was recorded at SB1-4, which is smaller than the failure strain

by a factor of 2.5. At the joint region, the peak strain recorded was -3936 microstrain

(SBI-I 1). Strain readings at the panel surface, the joint region and the I-beam flanges for

P01 are presented in Tables 4.12, 4.13 and 4.14, respectively. Strains recorded at the

joint region (SBI-5A, SB1-9) were about 40 times smaller than that recorded at the

center of the middle stiffener (SB1-4). A peak strain of 8594 microstrain, recorded at the

I-beam flange (SF 1-5), was about 87 percent of the peak strain at SBI-4.

Table 4.12. Strain Readings for P01, Dry Side (in microstrain)

Pressure SBI-1 SB1-2 SB1-3 SB1-4 SB1-6 SB1-7
(kPa)

41.37 -610 946 -464 2288 276 -827

82.74 -1310 2053 -1015 4577 667 250

124.11 -2125 3307 -1611 6076 1211 468

248.22 -4376 6833 -3126 10264 2632 1422

Table 4.13. Strain Readings for P01, Dry Side, Joint Region (in microstrain)

Pressure SBI-5A SB1-5B SB1-5C SBI-8 SB1-9 S1I-10 SBI-ll
(kPa)

41.37 34 11 -33 -406 -63 -17 -580

82.74 111 44 -78 -821 -127 -64 -1286

124.11 305 159 -110 ---- -165 -129 -2063

248.22 1272 797 -246 .... -467 -272 -3936
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Table 4.14. Strain Readings for P01, Dry Side, I-beam Flanges (in microstrain)

Pressure SF1-1 SF1-2 SF1-3 SF1-4 SF1-5 SF1-6
(kPa)

41.37 -32 -62 -181 -47 -275 -26

82.74 -62 -123 -374 -87 -578 -46

124.11 -113 -160 -1098 -108 -3721 -36

248.22 -203 -388 -3024 -238 -8594 -132

The load versus strain curves for P03 are presented in Figure 4.48. The curves for

the first cycle set are shown in Figure 4.48a, with a peak load of 41.37 kPa. These strain

readings correspond to gages located at the top surface of the middle stiffener. Gages

SB3-1 and SB3-3 were placed transverse to the stiffener axis, and SB3-2 and SB3-4 were

aligned with the stiffener axis. SB3-1 and SB3-3 are in compression, and SB3-2 and

SB3-4 are in tension. For this cycle set, the load versus strain loops were closed and

fairly linear, with a peak strain of 610 microstrain, recorded at the center of the stiffener

(SB3-4).
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Figure 4.48. Load versus Strain Curves for P03

Figure 4.48b shows the load versus strain curves for P03 when the assembly was

loaded to the design pressure of 82.74 kPa. When compared to the initial loading cycle

strains in Figure 4.48a, the magnitudes increased by a factor of approximately 6. A

maximum strain of 2700 microstrain was recorded at SB3-2, which is 5.5 times smaller

than the failure strain. The panel response was observed to be linear up to its design load,

with closed loops and no visible damage either on the surface of the panels or at the joint

region.

As with P01, open loops were observed during the third cycle set shown in Figure

4.48c. Though difficult to differentiate in this figure, the unloading curves for SB3-1 and

SB3-3 did not follow the loading path during the third cycle set. When compared to the

strains during the initial loading cycle in Figure 4.48a, the peak strains recorded for this
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cycle set increased by a factor of about 1.6. Due to imminent failure of the outer stiffener

at this stage, it was decided to unload the panel assembly and load it up to the peak

pressure of 248 kPa as a single cycle.

Figure 4.48d shows the load versus strain curves of P03 for the entire test. A

dramatic shift in the strain curves indicate clear damage of the panel, which corresponds

to the failure onset at the panel/stiffener interface towards the end of the third cycle set.

After a pressure value of 124 kPa, the drop in strain as the pressure increased (SB3-1 and

SB3-4) was due to stiffener failure. A peak strain of 4174 microstrain was recorded at

SB3-2. This value is smaller than the failure strain by a factor of 3.6. A peak strain of

5682 microstrain was recorded at the joint region (SB3-9).

Strain readings at the panel surface, the joint region, the I-beam flanges, and the I-

beam intersection (P03) are presented in Tables 4.15, 4.16, 4.17 and 4.18, respectively.

Gages SB3-1 through SB3-4 were placed on top of the middle stiffener, SB3-6 was

placed in between stiffeners, and gages SB3-9 through SB3-1I were placed at the joint

region. At the crossing point of the I-beams, the peak measured strain was 1364

microstrain (SCB-2). This gage was aligned with the direction of the W14x53 I-beam.

For gages SB3-1, SB3-2, SB3-3 and SB3-4, a dramatic drop in strain values was

observed after a pressure of 124 kPa. These gages were placed on the middle stiffener

and recorded erroneous values after separation of the stiffeners for the panel surface had

occurred.

Table 4.15. Strain Readings for P03, Dry Side (in microstrain)

PressureTPrs SB3-1 SB3-2 SB3-3 SB3-4 SB3-6 SB3-7
(kPa) _ _

41.37 -50 481 -163 655 326 -88

82.74 -553 2686 -739 2540 780 -125

124 -921 4174 -1176 3994 1251 -155

248 -252 148 -537 1997 2737 -71

124



Table 4.16. Strain Readings for P03, Dry Side, Joint Region (in microstrain)

Pressure SB3-5A SB3-5B SB3-5C SB3-8 SB3-9 SB3-10 SB3-11
(kPa)

41.37 -23 -45 ---- 115 -629 -496 -64

82.74 -256 -167 -226 -1287 -1065 -124

124.11 -567 -522 ---- 339 -1983 -1631 -130

248.22 -1460 -1290 ---- 748 -5682 -3108 -512

Table 4.17. Strain Readings for P03, Dry Side, I-beam Flanges (in microstrain)

Pressure SF3-1 SF3-2 SF3-3 SF3-4 SF3-5 SF3-6
(kPa)
41.37 -32 -62 -181 -47 -275 -26

82.74 -370 -149 -334 -204 -648 -119

124.11 -656 -218 -551 -305 -1055 -180

248.22 -4105 -458 -2078 -714 -3960 -495

Table 4.18. Strain Readings at the I-beam Intersection (in microstrain)

Pressure SCB-1 SCB-2
(kPa)

41.37 -60 200

82.74 -128 416

124.11 -252 659

248.22 -490 1364

4.6.5. Failure Modes

Failure of the hybrid assembly occurred as delamination of the stiffeners on the

large panels, P03 and P04, while the small panels withstood the peak applied pressure

without observable damage at the stiffener or joint regions. The onset of failure was

observed during the last cycle of the third cycle set, at 117 kPa, at the stiffener/panel

interface of the outer stiffener on P03.
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Figure 4.49 shows a photograph of a failed large panel (P03) at the conclusion of

the test. The numbers in the figure are used to indicate the failure sequence. Failure of

the outer stiffener began near the tank boundary (1) and propagated towards the center of

the stiffener. After the outer stiffener had become ineffective, load was redistributed to

the other stiffeners, and subsequent damage began to occur at the middle (2) and inner

stiffeners (3). Delamination of the stiffeners then began to occur near the hybrid joint

region (4, 5). The outer sections of the stiffeners on P03, near the tank boundary, failed

before damage was observed to initiate on P04. A close-up of the delaminated middle

stiffener is shown in Figure 4.50.

Figure 4.49. Stiffener Failure on P03

Figure 4.50. Close-Up of Stiffener Failure on P03
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Figure 4.51 shows a photograph of P04 after failure. Damage initiated at the

inner stiffener near the hybrid joint region (1), at 152 kPa, and propagated to the outer

stiffener (2). The inner and outer stiffener sections near the tank boundary then began to

delaminate (3, 4), until the middle stiffener section completely separated from the panel

(5), as seen in Figure 4.52. At a pressure value of 234 kPa, even though all stiffeners on

both large panels had failed, the panels continued to withstand the applied pressure up to

248 kPa (three times the design load). At this point, it was decided to bring the test to an

end. Complete separation of the stiffeners from the composite shell was observed at this

stage. No leaks were observed at the joint region, which indicated that watertight

integrity of the joint was maintained.

Delamination of the stiffeners indicated that failure of the composite panels was

due to the stiffener/panel interface. This type of failure resulted from a combination of

stiffener geometry and techniques for bonding of the stiffeners to the flat surface of the

panels. Providing more shear resistance at the interface, by interleaving fabric or by

improved adhesion, would delay the initiation of this failure mode. Improvements of the

manufacturing techniques should result in stronger panels.

Figure 4.51. Stiffener Failure on P04
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Figure 4.52. Close-Up of Stiffener Failure on P04
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5. FINITE ELEMENT ANALYSIS OF HYBRID BOLTED ASSEMBLY

5.1. Rationale

This chapter presents the finite element analysis (FEA) procedures used to study the

local behavior of the hybrid joint and the global response of the panel assembly. The study

was subdivided into two main phases: 1) finite element analysis of the sub-component joint

region (local models); and 2) finite element analysis of the hybrid panel assembly (global

models). All finite element models are developed using the commercial software package

ANSYS, Version 10.0. The modeling techniques are verified with the available experimental

data presented in Sections 3 and 4.

Analysis of mechanical joints cannot be conducted without considering the behavior

of the global structure, since the mechanical response of joints is coupled to that of the

structures which they connect. In other words, the geometry, materials and loading of the

global structure will have a direct influence on the forces being transferred to the joint.

Similarly, the stiffness of the joint will have an impact on the global response of the

structure. Understanding the relationship between the response of both local and global

systems is imperative in the design of structures being joined with mechanical connections.

In general, when modeling large structures, it is not be feasible to include all of the

small-scale features of the joint. As described by Bonnani [2001], the usual approach for

analyzing mechanical joints is to perform a global analysis of the large-scale structure using

an approximate joint stiffness, in order to determine the loads being transferred to the joint.

A detailed joint configuration is then developed and its stiffness can be calculated and input

back into the global model to verify design criteria. This process may be repeated if further

refinement of the joint is needed. For a new joint design, experimental validation is required.

For the FEA work presented in this chapter, the global structure (component) consisis

of a four-panel assembly of the hybrid lifting body, and the local structure (sub-component)

is the hybrid joint, as shown in Figure 5.1. Based on the strength test results presented in

Section 3, a short doubler joint configuration (DS-4) was selected for the hybrid connection.

The experimental data for this connection scheme is used as the baseline for validation of

local and global modeling techniques.
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Figure 5.1. Hybrid Lifting Body, Component and Sub-Component Structures

5.2. Finite Element Analysis Objectives

The main objective of this study is to provide a simplified approach for modeling

hybrid joints in large-scale structures. Figure 5.2 presents a schematic of the proposed FEA

approach. First, a simplified local shell model was developed to estimate the joint stiffness,

by computing the approximate rigidity of each of the hybrid joint regions. This approach

was then incorporated into a global model of the hybrid panel assembly to estimate the global

deflections. Lastly, a detailed 2D plane strain model was used to estimate the local stresses

of the joint. Accordingly, the objectives of the FEA study are as follows:

1. To develop a simplified shell model to analyze joint structures, by modifying the
shell element properties at the hybrid region;
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2. To validate the finite element models using the available experimental data from
both sub-component (local) and component (global) tests. These data are
presented in Sections 3 and 4, respectively.

3. To perform parametric studies of the effect of joint geometry on the global
response of the panel assembly (sensitivity study).

4. To develop a detailed, plane strain model of the hybrid joint, which includes the
contact interactions between the joint constituents and the effect of the bolt, to
provide predictions of critical stresses at the joint.

Global Shell Model

Input forces into Estimate global deflections
local model

Model validation with

experimental data

S~Estimate 
the joint

Estimate local stresses stiffness
and joint strength

Local Plane Strain Model Local Shell Model

Figure 5.2. Schematic of the FEA Approach
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5.3. Local Finite Element Model Using Shell Elements

The purpose of the local shell model is to provide a simplified approach for

estimating the joint stiffness by computing the approximate rigidities of the sections at the

hybrid region. While using shells elements will limit the extent of the details that can be

incorporated into the local model, the end objective is to implement this approach into a

global model of the hybrid panel assembly, where extensive detailing of the joint geometry

would be unfeasible. The criterion is that the shell elements capture the local stiffness of the

connection.

Initially, connection elements (rotational springs) were considered to model the joint

behavior, specifically, the connection of the hybrid joint region to the acreage of the

composite panel. This approach may be feasible, for example, for a local model of a

component or sub-component, where only three degrees of freedom (two displacements and

one rotation) are considered. However, modeling the joint region of a large-scale structure

such as the hybrid four-panel assembly will require a large number of connection elements,

whose rotational properties need to be prescribed for all degrees of freedom involved. In a

three dimensional model, such an approach would be impractical. A more feasible approach

to this problem is to modify the properties of the elements at the hybrid joint region, by using

effective section properties. This approach is a precursor to modeling of the joint at the

global level and is the main focus of this section.

5.3.1. Finite Element Model Description

A photograph of the DS-4 sub-component joint specimen is shown in Figure 5.3.

This connection scheme consists of a composite beam sandwiched between a steel flange and

a steel doubler plate. A foam insert is used to align the tapered region of the composite with

the edge of the steel flange. A schematic of the baseline geometry of the DS-4 joint

configuration is presented in Figure 5.4. For purposes of property designation in the

analysis, the joint has been sub-divided into six distinct sections: A, B, C, D, E, and F.

Section A represents the region composed of the steel doubler, the composite beam and the

steel flange, from the symmetry plane to the bolt-line; section B represents the steel doubler,

the composite beam and the steel flange section, from the bolt-line to the edge of the doubler

plate; section C represents the composite beam and steel flange in the region where a foam
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insert is present; section D represents the tapered composite region; section E is the straight

composite beam; and section F is the steel web.

Figure 5.5 shows the geometry of the top and side views of the shell model

representation of this joint configuration. The symmetry plane is located at the center of the

steel web. Computation of the properties for the hybrid regions is discussed in the section

that follows. It is noted that although only half of the joint is presented in Figure 5.4,

symmetry was not used for the shell model.

Fo am- insert

Steel flange

Figure 5.3. Photograph of the DS-4 Joint Configuration
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Symmetry plane

A B C D E

38.10 34.93 60.33 35.56 212.09

i. * 1 .0

_ _i _ __ _ 119.05
~6.35 ~ ____

1905

9.525 Bolt line 247.65
F

381

Figure 5.4. Baseline Geometry of the DS-4 Joint Configuration, in mm

-F
171.45

Symmetry plane Top View

:• 381

F 247.65

Side View I

Figure 5.5. Baseline Geometry of the DS-4 Joint Shell Model, in mm
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The meshed model, loading and boundary conditions are shown in Figure 5.6.

Element type SHELL181, which is a 4-node element with six degrees of freedom at each

node and includes the effects of shear deformation, was chosen for this study. This element

is suitable for modeling thin to moderately-thick shell structures [ANSYS Online Manual,

2004]. Based on a preliminary convergence study, a mesh of 1785 elements was found

appropriate. A nominal load of 4.45-KN was applied at free ends of the composite beams,

which represents the force applied by the load heads. Model verification was conducted at

this load magnitude, since linear response of the experimental load versus displacement and

load versus strain curves was observed. To simulate a fixed base condition, all degrees of

freedom at the bottom edge of section F (steel web) were constrained.

P=4.4o5mNsiat free ends

of omostebeams

Fixed displacements
and rotations

Element size = 6.35 mm
Mesh size = 1765 elements

Figure 5.6. Mesh, Loading and Boundary Conditions of DS-4 Shell Model

5.3.2. Computing the Effective Properties of the Hybrid Region

A schematic of the side view of the DS-4 joint is shown in Figure 5.7a, which shows

the reference plane used in the analysis. This joint configuration is used as a case study for

validation of the modeling approach. Figure 5.7b presents the shell model representation of

the joint. The main objective of this approach is to compute the properties of each of the

hybrid joint sections for implementation into the shell finite element model. These
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calculations are performed using the mid-plane of the composite beam section (E) as the

reference plane. This plane was chosen as a reference for property calculations, since the

objective of this approach is to extend this method to a global shell model. In a global

model, it is often convenient to compute the properties with respect to the mid-plane of the

panel sections, as these regions constitute the acreage of the structure. It is noted that since

the properties for sections D and E are input as layered shell sections, the effective properties

are computed and input for sections A, B and C.

A:B C DI E IAIBI C D E I

Mid-plane of the

S Bolt-line composite beam used as

IF Freference

a) Actual Joint Configuration b) Shell Model Representation

Figure 5.7. Schematic of the DS-4 Joint Configuration

The properties for each of the sections in Figure 5.7a need to be computed separately

before implementation into an FE model. The following assumptions are made about the

behavior of the sections:

1. Section A: The steel flange, the composite beam and the steel doubler (Figure

5.8) are assumed to act together (continuity) because of the clamping action of the

bolt in this section. Section properties are computed about the x-axis.

136



Bolt-line

Steel doubler

Stcp Composite

tfl Steel flange

Figure 5.8. Schematic of Hybrid Shell Section A

2. Section B: The extensional resistance of this section (see Fig. 5.9) is assumed to

be provided only by the composite region, and not the steel doubler or steel

flange, given that the section begins past the bolt line. The flexural rigidity of this

section is dependent upon the loading direction. When loaded upward, only the

doubler plate and the composite resist the bending moment. When loaded

downward, the steel flange and composite resist the bending moment. Flexural

properties of each section are computed about each components own centroidal

axis and the total stiffness is the sum of the individual parts.

Bolt-line

tcp

Steel doubler
m~ --

tcp Composite

tfl'_ !Steel flange

Figure 5.9. Schematic of Hybrid Shell Section, B
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3. Section C: The extensional resistance of this section is assumed to be provided

only by the composite region (see Figure 5.10). When loaded up, only the

composite (with the foam insert) resists the bending moment, while the steel

flange and composite resist a downward acting moment. The flexural properties

of each section are computed about each components own centroidal axis as

expressed in Eq. 5.1.

tC Composite
tfoamFocp

tC Composite

tll• Steel flange

Figure 5.10. Schematic of Hybrid Shell Section, C

The bending rigidity of the individual sub-sections, (El)i, can be added in order to

calculate the effective bending rigidity of the section, (Elff), as follows:

(EI)eff :Z(EI), (5.1)

For instance, the effective bending rigidity of section B when loaded downward is computed

as follows:

(EI),ff = EP ,.p + EIlp (5.2)

Where Ecp is the modulus of elasticity of the composite beam, E, is the modulus of elasticity

of steel, and Ip and Ij, are the moment of inertia of the composite beam and the steel flange,

respectively.

The effective section thickness, leffi can then be computed from (E/)eff, as shown in

Equation (5.3). This yields an effective thickness for the modified hybrid joint section.
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These values of teff are then input into the finite element model as the thicknesses of the shell

sections, using the SHELL SECTION LAY-UP OPTION in the ANSYS Main Menu. The

properties for section E are input on a layer-by-layer basis by specifying the thickness and

orientation of each lamina. The tapered section was approximated as a rectangular section cf

average thickness (thickness at the center of the tapered section).

(EI),ff = l bteff3 (5.3)
12~

5.3.3. Local Shell Model Verification

The local shell modeling approach was validated using the results obtained from the

DS-4 joint specimen testing. Models with all-steel and all-composite joint sections were also

created. For an all-steel joint model, all sub-sections of sections A, B and C were considered

to be steel. For an all-composite case, these sections were considered to be EG/VE. These

models represent the stiffest case and the most flexible case for a given joint configuration,

respectively, and are used to determine the upper and lower bounds of the response of the

joint.

A load of 4.45 KN was applied at the free ends of the composite beams.

Displacement and strain contour plots for the model using hybrid section properties (DS-4)

are shown in Figures 5.11 and 5.12, respectively. The composite beams bend in the regular

shape of cantilever beams, as expected. A maximum displacement of 7.28 mm was obtained

at the free end of the composite beam. A peak strain of 2881 microstrain was recorded at

203 mm from the joint centerline, which corresponds to the straight composite beam section

(E).

Vertical displacement values (U,) were recorded along the length of the FE model and

compared with the experimental values recorded at the three LVDT locations outlined in

Chapter 3 (Figure 3.17): 1) the end of the steel flange (V5-V6, V7-V8); 2) 203 mm from the

joint centerline (V3-V4, V9-V10); and 3) the free end of the composite beam (V1-V2, V II-

V12). The strain values (st) recorded at these locations correspond to gages SG5, SG3 ard

SGI, respectively, as shown in Figure 3.19.
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Figure 5.11. Displacement Contour (Ut) of DS-4 Joint (4.45 KN), in mm
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Figure 5.12. Strain Contour (x) of DS-4 Joint (4.45 KN)

Figure 5.13 shows the deflected shape for the DS-4 joint for the three modeling cases

and the experimental results and Table 5.1 summarizes the discrete vertical displacement

values recorded. The deflected shapes show that using an all-steel section under predicts the
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joint deflection by 22 percent at the free end of the composite beam (x = 381 mm) and by 85

percent at the end of the steel flange (x = 133 mm). The use of an all-composite joint over

estimates the peak deflection by 21 percent and the deflection at the end of the flange (x =

133 mm) by 71 percent. Using hybrid joint properties yielded fairly accurate displacement

predictions, within 10 percent difference of the test results.

Deflected shape, DS-4 (P = 4.45 KN)
2

IA B C DE
0A

S-2

E -4
i5 -8 - Test .... E,

----Steel Hybrid%
-10 __ II

0 100 200 300 400
x, mm

Figure 5.13. Deflected Shape of DS-4 Joint (4.45 KN)
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Table 5.1. Vertical Displacement of Joint Models at P = 4.45 KN.

x Experiment Steel EG/VE Hybrid
Joint % Diff Joint % Diff Joint Y

(mrm) (mm) -m Diff

133 0.340 0.051 -85.08 0.584 71.64 0.311 9.23

203 1.407 0.447 -68.23 1.727 22.77 1.359 3.41

381 7.437 5.801 -21.99 8.969 20.59 7.282 2.08

Figure 5.14 shows the strain profile for the DS-4 joint for the three modeling cases

and the experimental results. Table 5.2 summarizes the strain values. For an all-composite

joint, the strain recorded at 203 mm from the joint centerline was nearly twice as large as in

the experiment, while the all-steel joint over predicted the strain by about 48 percent.

Overall, the local shell model in this section was found adequate to estimate the joint

stiffness, with a peak difference of 9 percent. However, the curves in Figure 5.14 show that

this model is not feasible for providing estimates of the strains at the joint region. Even

though the purpose of the local shell model is used to estimate the joint stiffness, a detailed

2D plane strain or 3D solid model, which include local effects such as bolt pre-load and

contact interactions, is needed to predict the local stresses. Developing a local solid model

will ultimately provide failure and joint survivability predictions.
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Strain profile, DS-4 (P = 4.45 KN)
3500 1

3000 A B c D E.

o 2500 _ _
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1500 ___.

C,).•c 1000 - " ...
CO--- Steel -.... EGNE

Hybrid A Test
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X, mm

Figure 5.14. Strain Profile (er) of DS-4 Joint (4.45 KN)

Table 5.2. Strain Results for Joint Models (ex) at P = 4.45 KN

Experiment Steel EG/VE Hybrid

(mm) Joint % Diff Joint % Diff Joint % Diff

133 278 (SG5) 114 59.11 398 -43.75 372 -34.44

203 1853 (SG3) 2260 -22.32 1690 9.45 2070 -12.56

381 1607 (SG1) 2384 -48.12 3060 -90.13 2412 -50.62
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5.4. Global Finite Element Model of Isolated Stiffened Panels

Prior to modeling the entire hybrid assembly and incorporating the modified shell

approach for the hybrid region, a study was conducted to investigate the response of isolated

panels with ideal boundary conditions. In other words, instead of modeling the hybrid

region, the panel boundaries corresponding to the hybrid region are modeled as pinned and

fixed boundaries. Hence, the contribution of the I-beam movement to the panel deflections is

not accounted for in this model. This study is an attempt to investigate the bounds of the

individual panel response and to compare these to the experimentally obtained displaced

shapes.

Figure 5.15 depicts the various sections of a small stiffened panel (P01). Region I

corresponds to the thickened boundaries of the panel; region 2 corresponds to the stiffened

region of the panel; region 3 corresponds to the top section of the stiffeners; and region 4

corresponds to the side sections of the stiffeners. The structure is modeled as a layered shell.

The material properties are input by specifying the layer thickness and orientation using the

LAY-UP OPTION SHELL SECTION. Table 5.3 presents the orthotropic lamina properties

for the EG/VE system used for each lamina. A detailed summary of the lamination scheme

for each panel section in Figure 5.15 is presented in Table 5.4. It is noted that the same

lamination scheme was used for the large panels.

1 2 3 4

1) 25.4-mm thick boundary
2) 12.7-mm panel region
3) 6.35-mm stiffener top
4) 3.175-mm stiffener side

Figure 5.15. Various Sections of EG/VE Stiffened Panels
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Table 5.3. Orthotropic Lamina Properties for an EG/VE System

Ell E22 E33 G12 G13 G23
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) V12  t)1 3  V23

37.93 10.56 10.56 3.192 3.192 2.258 0.29 0.29 0.439

Table 5.4. Lamination Scheme for Stiffened Panels

Section Description Thickness Lamination Sequence

(mm)

I Thick boundary 25.4 64 layers: [{±45/{(0/90)3}4],

2 Stiffened panel 12.7 32 layers: [{±45/(0/90)}4]s

3 Stiffener top 6.35 16 layers: [(0/90)3/±4512

4 Stiffened side 3.175 8 layers: [(0/90)/±4512

5.4.1. Verification of Isolated Panel Models

The response of isolated composite panels was compared to the displaced shapes

obtained from the experiments, as presented in Section 4.6. Model verification was

conducted for the structure loaded to the design pressure of 82.74 kPa and peak

displacements were recorded at the center of the panels and between the stiffeners. As

shown in Figure 5.16, the I-beams are not included in these models, and the boundaries

corresponding to the hybrid region are modeled as pinned and fixed. These cases represent

the bounds for ideally flexible and stiff boundaries, respectively.
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a) Pin-Fixed BC b) Fixed BC

Figure 5.16. Boundary Conditions of Isolated Panel FE Model

Figures 5.17 and 5.18 show the displacement contours of the isolated small panels

and Figures 5.19 and 5.20 show those for the large panels for both boundary conditions,

respectively. Because the entire assembly is not modeled, the panels do not act together as

one structure. Hence, they are shown separately in each figure. A pinned boundary

condition represents the most flexible case, as no reaction moments are created and therefore

larger rotations occur. On the other hand, when using fixed boundary conditions, the panel

response is over stiffened, as the reaction moments decrease the overall panel displacements

and rotations. It is also noted that using either approach does not account for the

displacement contribution of the I-beam members in the actual configuration.

Table 5.5 summarizes the displacement results for both boundary condition cases and

the experiment. When compared to the test results, using a pinned joint over estimates the

peak panel displacement by 19 percent, while a fixed joint provides a peak displacement 17

percent lower than the test results. This is also observed in the displaced shapes of the small

and large panels, presented in Figures 5.21 through 5.24, respectively. For the small panel

(Figures 5.21 and 5.22), x, corresponds to the direction transverse to the stiffeners, and y, is

aligned with the stiffeners. For the large panel (Figures 5.23 and 5.24), x3 is aligned with the

stiffeners and Y3 is transverse to them. In a general sense, these curves show that, for the
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case of isolated panels, the experimental panel response is bounded by the two ideal pinnec,

and fixed boundary cases considered in this study.

0.00

1.72

3.44

5.16

6.88

8.60

10.33

12 .05

13.77

15.49

Figure 5.17. Displacement Contour of Isolated Small Panel, Pin-Fixed Boundary,
(82.74 kPa), in mm
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4 97

5.80
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Figure 5.18. Displacement Contour of Isolated Small Panel, Fixed Boundary,
(82.74 kPa), in mm
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Figure 5.19. Displacement Contour of Isolated Large Panel, Pin-Fixed Boundary,
(82.74 kPa), in mm
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Figure 5.20. Displacement Contour of Isolated Large Panel, Fixed Boundary Condition,
(82.74 kPa), in mm
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Table 5.5. Vertical Panel Displacement at P = 82.74 kPa

Displacement (mm)

Boundary Small Panel (P01, P02) Large Panel (P03, P04)
Condition Between Between

Center BtenCenterBewn
Stiffeners Stiffeners

Pin-Fixed 8.94 9.63 8.28 9.70

Fixed 5.12 7.41 6.58 8.18

Test 7.65 8.60 7.35 8.34

12 , ,
__ _- ---- Pinned BC

10 --.-- Fixed BC

10 ./- Test

a ) 6

E6• - - % S

0 A I0 250 500 750 1000 1250 1500 1750

X1 , mm

Figure 5.21. Displaced Shapes of Small Panel in the x, direction (82.74 kPa)
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Figure 5.22. Displaced Shapes of Small Panel in the y, direction (82.74 kPa)
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Figure 5.23. Displaced Shapes of Large Panel in the x3 direction (82.74 kPa)
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Figure 5.24. Displaced Shapes of Large Panel in the y 3 direction (82.74 kPa)

5.5. Global Finite Element Model of Hybrid Assembly

The main objective of the global modeling approach is to extend the simplified shell

approach described in Section 5.3.1 to the case of a multi-panel structure that is joined

together by a hybrid joint. In this model, the four panels and the I-beams are included, in

order to account for the contribution of the beams to the panel displacements. After

validation of the approach, studies are conducted to investigate the sensitivity of the panel

response to varying geometric parameters at the joint region. As an end objective, this study

will provide a global interpretation of the variables that most strongly affect the structural

response of the assembly.

When considering large-scale FE models with stiffened panels, using beam elements

instead of shells is an attractive option for modeling the stiffeners. This is particularly true

when the number of stiffeners and the geometric complexity of the model are significant.

Initially, it was attempted to model the stiffeners using a single row of beam elements for

each stiffener, but little success was achieved due to the actual breadth of the hat stiffener

arrangement. For the study presented in this section, all of the panels, stiffeners and I-beam

members are modeled using shell elements.
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5.5.1. Global Finite Element Model Description

Figure 5.25 presents the hybrid assembly and panel geometry. Details of the panel

and stiffener geometries are presented in Figures 4.4 through 4.9, of Chapter 4. Figure 5.26

presents a top view of the FE model of the hybrid assembly. A pressure load of 82.74 kPa

(design load) was applied to the flat surfaces of the panels, as indicated by the red dots.

These surfaces represent the wet side in the actual assembly configuration. All degrees of

freedom at the outer edges of the panel assembly were constrained to simulate the fixed

condition at the bolted boundaries of the hydrostatic test tank. Figure 5.27 shows the meshed

model of the hybrid assembly, where element type SHELL181 was chosen for this study.

With the exception of sections A, B and C shown in Figure 5.28, the material properties for

the composite panels and stiffeners were input on a layer-by-layer basis, using the SHELL

SECTION LAY-UP option in the ANSYS Main Menu and the orthotropic properties in

Table 5.3, according to the lamination sequence shown in Table 5.4. Based on a

convergence study, a mesh of 20540 elements was found appropriate.

,I ~ ~3.49 lHbi on

EG/VE Stiffener Hybridjoint

panels W8x31 beam Yl (typ.) region

v P 0 2 u~u g _i
P o 1.18

3.14 _ _ _ w

1.94

PO3 P04 __
Stiffener W14x 5 3  1 1.74

(typ.) beam Y3

Figure 5.25. Hybrid Assembly and Panel Geometry, in meters
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Pressure load,
P =82.74 kPa Fixed dof's

, at the tank
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Figure 5.26. Loading and Boundary Conditions of Hybrid Assembly Model

Element size = 25.4 mm

Mesh size = 20540 elements

Figure 5.27. Meshed Model of Hybrid Assembly
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5.5.2. Modeling of the Hybrid Joint Region

The global model includes the full, four-panel hybrid assembly and it accounts for the

contribution of the hybrid region and the contribution of the I-beam members to the panel

deflections. Using a similar approach to that presented in Section 5.3.1 for the local shell

model, the joint in the global assembly was modeled by computing the approximate axial,

bending and coupling stiffnesses for the elements composing the hybrid region. By using

this approach, the entire structure can be built using shell elements and only those sections

that represent the joint region are modified and assigned effective properties.

Figure 5.28a presents a top view of the FE model of the four panel hybrid assembly.

Figures 5.28b and 5.28c show detailed schematics of the hybrid joint region of the W8x3l I-

beam and the W14x53 I-beam, respectively. Figure 5.28b depicts the connection of a small

and large panel (POI-P04) with the W8x31 I-beam. Similarly, Figure 5.28c depicts the

connection of the two large panels (P03-P04) with the W14x53 I-beam. In each figure, the

hybrid joint regions (sections A, B and C), as well as the tapered and straight panel regions

(sections D and E), are indicated.

A cross-sectional view of these regions and the baseline geometry for this model are

shown in Figure 5.29. The approximate geometry of the I-beam member shown in the figure

is summarized in Table 5.6. For this global model, the tapered region (D) extends a distance

of 203.20 mm from the edge of the steel flange to the start of the stiffener region. Section E

represents the flat region of the composite panel. In the local shell model, this region

corresponds to the free end of the composite beam. As was done in the local shell model

approach, the computation of the element properties is performed based on the mid-plane of

the straight composite panel section (E).
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a) W14x53 I-beam
Sr b)

Figure 5.28. Schematic of the Hybrid Joint Regions in the Global Model
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W8x31 or W14x53 I-beam
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Figure 5.29. Baseline Geometry of the DS-4 Joint in the Hybrid Assembly, in mm
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Table 5.6. Approximate Geometry of the I-Beam Sections in the Hybrid Assembly

I-Beam Wfl tIf d. t4

W8x31 203.2 11.05 203.20 7.24

W14x53 203.2 16.76 353.57 9.39

5.5.3. Global Shell Model Verification

The loading and boundary conditions for this model are shown in Figure 5.26. Figure

5.30 shows a top view of the displacement contour of the hybrid assembly loaded to the

design pressure of 82.74 kPa. Figures 5.31 and 5.32 present the individual displacement

contours for the small and large panels, respectively. These plots show that the peak panel

displacements occur at the regions between the stiffeners, as was observed in the

experiments. As presented in Figures 5.33 through 5.36, the displaced shapes obtained from

the FE models and the test results, for both small and large panels, show good agreement,

with a peak difference of 10 percent. In a general sense, the displaced shapes obtained from

the FE model slightly under predict the experimental displacements. This discrepancy is

attributed to the differences in assumed material properties and as-built geometry, idealized

joint condition in the FE model, which does not include the contact interaction between the

various joint components (doubler plate, edge of the composite beam and steel flange) and

the effect of the bolts in the actual structure. Also, a fixed boundary condition was assumed

at the tank boundaries, which may not be a completely rigid condition in the actual test

configuration.
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Figure 5.30. Displacement Contour of Hybrid Assembly (82.74 kPa), in mm
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Figure 5.31. Vertical Displacement Contour of a Small Panel (82.74 kPa), in mm
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Figure 5.32. Vertical Displacement Contour of a Large Panel (82.74 kPa), in mm
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Figure 5.33. Displaced Shape of a Small Panel in the x, direction (82.74 kPa)
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Figure 5.34. Displaced Shape of a Small Panel in they, direction (82.74 kPa)
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Figure 5.35. Displaced Shape of a Large Panel in the x3 direction (82.74 kPa)

159



10 -

-... FEA

8 ----- Test-

-4-

2 ....... -. --.
IE I-beam,• •

S2 Tak bour ary '

0

0 250 500 750 1000 1250 1500 1750 2000
Y3, mm

Figure 5.36. Displaced Shape of a Large Panel in they 3 direction (82.74 kPa)

The strain contour for the small panel in the x, direction (transverse to the stiffener

direction) is presented in Figure 5.37, where the peak tensile strains are observed to occur at

the regions between stiffeners, with a magnitude of 1453 microstrain. Peak compressive

strains of about 2000 microstrain are observed at the tapered regions of the stiffeners. The

strain profile in Figure 5.39 shows a good correlation between the experimental and the FE

strains, with a peak discrepancy of about 11 percent for the strain recorded by gage SB 1-6.

Figure 5.38 presents the strain contour in they, direction (aligned with the stiffeners), where

a peak value of 4833 microstrain is recorded at the center of the middle stiffener (yJ = 515

mm). For the most part, the peak tensile strains are observed to occur at the middle stiffener

region, while some of the peak compressive strains are observed towards the fixed boundary

and the hybrid joint region with the W8x31 I-beam. A difference of about 10 percent is

observed for the FE and the experimental strains at the joint region (gage RB 1-5A).
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Figure 5.38. Strain Contour (cy) for a Small Panel (82.74 kPa)
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Figure 5.40. Strain Profile of a Small Panel in they, direction (82.74 kPa)
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The strain contour for the large panel in the X3 direction (stiffener direction) i.;

presented in Figure 5.41, where a peak tensile strain of 3080 microstrain is observed at the

center of the middle stiffener. Peak compressive strains of about 2781 microstrain are

observed towards the fixed tank boundary. The strain profile in Figure 5.43 shows a peak

discrepancy of about 25 percent for the strain recorded at the joint region by gage RB3-5C.

Figure 5.42 shows the strain contour for the large panel in the Y3 direction (transverse to the

stiffeners), where a peak compressive strain of 2622 microstrain is recorded at the start of the

tapered region of the middle stiffener. When compared to the strain profile in Figure 5.44,

the results from the FE results agree with the experimental strains, with a difference of 11

percent for the strain recorded at the region between stiffeners (gage SB3-6). Overall, the

global model presented in this section is adequate for estimating the global panel deflections

and the strains within the bulk of the panels. Some of the discrepancies between the

numerical and the experimental strains were observed near the joint region, given that this

simplified approach does not account for the three dimensional effects and contact

interactions at the joint, and therefore is not expected to provide an accurate appraisal of the

local stress or strain state near the joint.
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Figure 5.41. Strain Contour (e,) for a Large Panel (82.74 kPa)
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Figure 5.43. Strain Profile of a Large Panel in the x3 direction (82.74 kPa)
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Figure 5.44. Strain Profile of a Large Panel in they 3 direction (82.74 kPa)

5.5.4. Parametric Study of Global Structural Response

Using an approach similar to that described in Section 5.3.2 for a local shell model, a

parametric stui- was conducted to observe the influence of the gcometry of the joint

constituents on the global response of the hybrid assembly. The main geometric variables

considered for this study are: the doubler plate thickness (td), the composite beam thickness

(t,), and the thickness of the steel flange for both the W8x31 (tfla&,3) and the W14x53

(tfl_14,53) I-beams.

5.5.4.1. Effect of the Doubler Plate Thickness

The effect of the doubler plate thickness on the global panel response was studied for

the assembly loaded to the design pressure of 82.74 kPa. According to the approach

presented in Section 5.3.2, the properties of each joint section were computed for a given

doubler plate thickness value, Id, while holding the steel flange thicknesses (tfl8_31, fli14,53)

and the composite thickness (t,), constant (Figure 5.29). A doubler plate thickness range of

0.5 td to 4 td was used, with Id being the baseline thickness of 6.35 mm.
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A comparison of the displaced shapes for a small panel in the x, and yJ direction are

presented in Figures 5.45 and 5.46, respectively. In a qualitative sense, these curves show

that varying the doubler plate thickness affects the small panel displacements near the hybrid

joint region (y, = 120 mm), particularly for the displaced shapes along the stiffener direction

(y, direction). The effect of the td decreases as y, increases, for the region between the outer

stiffener and the tank boundary, which indicates that the response of this region is mostly

affected by the clamped boundary conditions at the outer edges of the panel. Transverse to

the stiffeners (xi direction), the doubler plate thickness affects the displacements at the center

of the panel. These results also suggest that that W8x31 I-beam has a large influence on the

response of the small panels.

Figures 5.47 and 5.48 show the displaced shapes for the large panel in the x3 and y3

directions, respectively. In the x3 direction, these curves show that the effect of the doubler

thickness is significant towards the joint region (X3 = 120 mm). Transverse to the stiffeners,

the effect of the doublers is observed at y3 = 1425 mm, towards the tank boundary.

Increasing the doubler thickness provides additional moment resistance in bending, when

compared to the baseline case of td = 6.35 mm. For example, it is estimated that using a

doubler thickness four times as large as the baseline thickness reduces the peak panel

deflection by about 14 percent.
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Figure 5.45. Effect of td on the Displaced Shapes of a Small Panel in the xl direction
(82.74 kPa)
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Figure 5.48. Effect of td on the Displaced Shapes of a Large Panel in the Y3 direction
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5.5.4.2. Effect of the Composite Thickness

The effect of the composite thickness on the global panel response was studied for the

assembly loaded to the design pressure of 82.74 kPa. According to the approach presented in

Section 5.3.2, the properties of each joint section were computed for a given composite beam

thickness value, tc, while holding the steel flange thicknesses (tfl &'3l, Ift14x53) and the doubler

plate thickness (td), constant. It is noted that the composite thickness was only varied at the

regions local to the joint, i.e., sections A, B and C in Figure 5.29. A composite thickness

range of 0.25 t, to 1.5 t, was used, with t, being the baseline thickness of 25.40 mm.

The displaced shapes for a small panel in the x, and y, directions are presented in

Figures 5.49 and 5.50, respectively. These curves show that varying the composite thickness

affects the local stiffness of the joint, near the hybrid region, in both directions, but it also

affects the peak displacements at the center of the panels (xi = 800 mm, yj = 520 mm). In the

case of the large panel, shown in Figures 5.51 and 5.52, varying the composite thickness has

a local effect at the joint region which decreases towards the center of the panel in the X3

direction (x3 = 770 mm). Transverse to the stiffeners (y3 direction), variations in the
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composite thickness do not significantly influence the panel response. The additional rigidity

provided by increasing the composite thickness tends to reduce the deflections at the joint

region and the center of the panels. For instance, for a composite thickness 1.5 times the

baseline caused a 15 percent reduction in peak deflection.
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Figure 5.49. Effect of t, on the Displaced Shapes of a Small Panel (82.74 kPa),
along the xj-direction.
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Figure 5.52. Effect of t, on the Displaced Shapes of a Large Panel (82.74 kPa)

5.5.4.3. Effect of Flange Thickness (W8x31 and W14x53 I-Beams)

The effect of the steel flange thickness on the global panel response was studied for

the assembly loaded to the design pressure of 82.74 kPa, for both I-beams. According to the

approach presented in Section 5.3.2, the properties of each joint section were computed for a

given flange thickness value, it, while holding the doubler plate thickness (td) and the

composite beam thickness (t,), constant. The flange thickness was modified for one I-bearn

at a time. For the W8x3I I-beam, a flange thickness range of 0.50 't _8,3J to 2.5 tft 8x3J was

used, with tflt__1 being the baseline thickness of 11.05 mm. For the W14x53 I-beam, a

flange thickness range of 0.50 tl_14x53 to 2.5 tf_14x53 was used, with tft 14x53 being the baseline

thickness of 16.76 mm. The approximate I-beam dimensions are summarized in Table 5.6.

Figure 5.53 and 5.54 present the displaced shapes of the small panel for varying

flange thickness values of the W8x3I I-beam. In the x, direction, transverse to the stiffener

direction, the flange effect is more pronounced for the middle regions of the panel (600 mrm

< x1 < 800 mm), but not as significant at the joint region (xi, y, = 0). In the y, directiorn,
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aligned with the stiffeners, the flange thickness has a more significant effect on the panel

response, particularly towards the joint region (yi = 130 mm). Again, this suggests that the

W8x31 I-beam has a large influence on the behavior of the small panels, particularly in the

stiffener direction. In the case of the large panel in Figures 5.55 and 5.56, changing the

thickness of the W8x31 I-beam does not have an effect on the displacement, particularly in

the direction transverse to the stiffeners.
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Figure 5.53. Effect of tf_8x,31 on the Displaced Shapes of a Small Panel (82.74 kPa),
along the xi-direction.
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Figure 5.55. Effect of tfl 8x31 on the Displaced Shapes of a Large Panel (82.74 kPa),
along the x3 direction
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Figure 5.56. Effect of tfl w1 on the Displaced Shapes of a Large Panel (82.74 kPa),

along the Y3 direction.

Figures 5.57 and 5.58 present the displaced shapes of the small panel for varying

flange thickness values of the W14x53 I-beam, where the flange thickness has a minor effect

on the panel response, in both x, and Yi directions. On the other hand, the curves in Figures

5.59 and 5.60 depict the strong influence of the flange thickness on the large panel response.

In the stiffener direction, this influence is apparent for the displacements at the joint region

(X3 = 125 mm) and at the center of the panel (x3 = 770 mm). Transverse to the stiffener

direction (y3), the flange thickness does not affect the joint displacements, but rather the

center and stiffener displacements, aty3 = 500 mm and 875 mm, respectively.
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Figure 5.58. Effect of tfl 14.53 on the Displaced Shapes of a Small Panel (82.74 kPa),
along Yi direction.
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The parametric study presented in this section shows that the global response of the

hybrid assembly is most sensitive to changes in the steel component geometries, particularly

the steel flange. Changes in the doubler geometry most strongly affect the local response of

the small panels at the joint region, in the stiffener direction. Increasing the thickness of the

composite has a modest localized effect on the joint region. As expected, the steel flange

thickness has a strong effect on the moment resistance of the connection and on the global

panel deflections. The study also shows that the flange stiffness of the W8x31 I-beam drives

the response of the small panels, but does not significantly affect the response of the large

panels. Conversely, the flange stiffness of the W14x53 I-beam drives the response of the

large panels, but not that of the small panels.

5.6. Plane Strain Finite Element Model of the Hybrid Joint

The shell models presented in the previous sections were found appropriate to

estimate the joint stiffness. Furthermore, these models are useful for studying the global

response of large-scale structures where extensive detailing of the small-scale features is not

feasible. However, since details of the bolted connection are not included, shell models do

not provide an accurate appraisal of the local stresses at the joint. The plane strain model

presented in this section is used to estimate the local joint response in bending, by modeling

the contact interactions between the joint constituents and bolt. Though a three dimensional

solid model is more appropriate to compute the local stresses, the computational cost and

modeling complexity would be very large and impractical for application into a large-scale

structural model.

Several modeling approaches were used to envelop the response of the joints. The

initial approach presented is a model of the joint as a "glued" entity, where all the

components act together with continuity and contact interactions are not included. In the

second approach contact modeling is prescribed by specifying the surfaces that will interact

as the joint is loaded. Lastly, a contact model that incorporates the net effect of the bolt is

presented. Included in this last model are the use of nodal constraints and the use of a spring

element along the bolt-line. Model verification is conducted for the case of the DS-4 joint
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configuration that was the connection type used for the hybrid panel assembly described in

Section 4.

5.6.1. Plane Strain Model Description

Figure 5.61 presents a schematic of a plane strain model of the DS-4 joint

configuration and the geometry is shown in Figure 5.62. A plane strain analysis was chosen

to represent this joint since this detail exists over a relatively long length when applied to the

actual ship structure. The composite laminate consists of orthotropic layers that are perfectly

bonded together, and a foam insert. The composite geometry was sub-divided through the

thickness to include the geometry of all layers, with a layer thickness of 0.39 mm.

y

Steel Doubler
Plate

Foam Insert Composite Beam

Steel I-Beam

Figure 5.61. Schematic of Plane Strain Model (DS-4)
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Figure 5.62. DS-4 Joint Geometry in mm.

Figure 5.63 shows the meshed model of the joint, where element type PLANE183 is

used. PLANE183 is a higher order 2-D, 8-node element with quadratic displacement

behavior. This element is defined by 8 nodes having two degrees of freedom at each node:

translations in the nodal x and y directions. Higher order elements are generally well suited

for bending dominated problems. To save computational time, one half of the joint is

modeled. A mesh of approximately 18500 elements is used. All degrees of freedom at the

bottom of the steel flange are constrained to simulate a fixed base condition. Symmetry

boundary conditions are applied about the joint centerline. Nodal forces are input per unit of

depth. For a total load of 4.45 KN and a specimen width of 171.45 mm, a concentrated load

of 25.92 N load per unit thickness is applied to the free end of the composite beam. This

represents a total load of 4.45 KN on the 171.45-mm wide joint test specimen.
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Figure 5.63. Meshed Model of the DS-4 Joint

The steel doubler plate and steel I-beam members are assigned an elastic modulus of

203 GPa, a Poisson's ratio of 0.30 and a yield strength of 248 MPa. The foam insert is

modeled as an isotropic material, having an elastic modulus of 80 MPa and a Poisson's ratio

of 0.29. The orthotropic material properties for a single EG/VE lamina (55% v.f.) in the

principal material coordinates are presented in Table 5.7. For input into a plane strain model,

the orthotropic material properties in terms of the elastic stiffness matrix, [C], are used. [C]

is the inverse of the compliance matrix, [S], which is computed in terms of the engineering

constants: the elastic moduli El, E2, E3, Poisson's ratios 1 12, U13, U23, the shear moduli, G1 2,

G 23 , G13, and the fiber orientation, 0 [Hyer, 1998].

Table 5.8 summarizes the computed coefficients for the various ply orientations

comprising the laminated beam. Terms not shown in the table are equal to zero, i.e., C14 = 0,

C15 = 0, etc. In ANSYS, this input is done by using the ANISOTROPIC ELASTICITY

MATERIAL MODEL option, in STIFFNESS FORM. The laminate architecture consists of

a [(+ 45, 0/90)6], configuration at the free end of the composite and a [(A- 45, 0/90)8]s at the

joint region. Four different material definitions are created for the four layer orientations.
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Two local coordinate systems are created for the layers in tapered regions of the composite,

as shown in Figure 5.64.

Table 5.7. Orthotropic Lamina Properties for the EG/VE System

Ell E22 E 33  G12  G13 G23

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) V12  V23

37.93 10.56 10.56 3.192 3.192 2.258 0.29 0.29 0.439

S7+ 52+ S12+ SI- S 2  SI2

(MPa) (MPa) (M/Pa) (MPa) (MPa) (MPa)

1117 63 41 -662 -311 -41

Table 5.8. Orthotropic Material Properties in Terms of the Elastic Stiffness
Matrix, C, in GPa

Constant 00 Ply 900 Ply 450 Ply - 450 Ply

C11 41.38 13.94 20 20

C12  5.956 5.956 13.62 13.62

C13  5.956 6.60 6.278 6.278

C1 6  0 0 6.862 6.862

C22  13.94 41.38 20 20

C23  6.60 5.956 6.278 6.278

C26  0 0 6.862 6.862

C33  13.94 13.94 13.94 13.94

C 3 6  0 0 -0.322 -0.322

C 4 4  2.258 3.192 2.725 2.725

C45  0 0 0.467 -0.467

C55  3.192 2.258 2.725 2.725

C 6 6  3.192 3.192 10.85 10.85
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5.6.2. Contact Modeling

Non-linear structural behavior is mainly sub-divided into three types: geometric,

material, and changing status non-linearity. Analyses involving contact interactions represent

an important class of changing status non-linear problems. In general, contact problems are

divided into two categories: rigid-to-flexible contact and flexible-to-flexible contact. In

rigid-to-flexible contact problems, one or more of the contacting surfaces are treated as rigid.

For flexible-to-flexible contact, the interacting bodies are treated as deformable. This section

describes the use of contact surfaces in ANSYS, specific to the case of the DS-4 joint

configuration.

To prescribe a contact interaction between two bodies, one of the bodies is typically

established as the "target" surface, and the other one is established as the "contact" surface.

In ANSYS, the contact surface moves into the target surface. The target surface is typically

assigned to entities with the higher elastic modulus. These two surfaces constitute a "contact

pair." Contact surfaces are created using the CONTACT MANAGER tool, PICK TARGET,

PICK CONTACT. The surfaces are picked as LINES, and FLEXIBLE type. Figure 5.64

shows the two contact pairs (dashed lines) used to model the interactions between the joint

constituents. It is noted that the schematic shows an exploded view of the joint components

prior to assembly. In the end, these contact surfaces will overlap geometrically. The first

contact pair is created between the bottom surface of the steel doubler plate (target surface)

and the top surface of the composite beam (contact surface). The second pair is created

between the bottom surface of the composite beam (contact surface) and the top surface of

the steel flange (target surface).
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Figure 5.64. Contact Surface Definitions for DS-4 Joint Model

The contact elements are automatically assigned by ANSYS based on the type of

element used. In this case, PLANE183 elements (2nd order) are used and contact elements

are automatically created as having mid-side nodes. To define target contact surfaces,

TARGET169 elements are used, which have mid-side nodes for compatibility with the

element PLANE 183. These elements overlay the solid elements (PLANE183) describing the

boundary of the deformable body. CONTAC 172 elements are used to represent contact and

sliding between 2-D target surfaces and a deformable surface. This element is located on the

surfaces of 2-D PLANE183 elements and also includes mid-side nodes for compatibility. It

has the same geometric characteristics as the solid element face with which it is connected.

Because of the non-linear nature of contact modeling, loading of the structure is

performed in steps. For most problems, at least two load steps are required. After the

boundary conditions have been defined, the first load step is created in the ANSYS Main

Menu, with the SOLUTION, DEFINE LOAD, LOAD STEP OPTIONS, WRITE LOAD

STEP FILE command. The load step file number is assigned as "1." This initial step is a
"neutral" step where the program identifies the surfaces that will come into contact. For the

models presented in this section, the contacting surfaces are coincident (i.e., their edges

occupy the same geometric space) and these are recognized as surfaces that will interact in

subsequent steps. Once contact has been established, the second (or higher) steps are used to

define structural loads. At this point, loads are applied to the structure, and a second step
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(loading step) is created using the same commands, this time assigning the load step number

as "2." This may be repeated if further loading steps are necessary. To run the job, use the

SOLUTION, SOLVE, FROM LS FILES and specify the starting load step as I and the

ending load step as 2.

5.6.3. Modeling the Bolt

This section presents two approaches for modeling the bolt in conjunction with

contact modeling. The first approach consists of coupling the nodal displacements of the

different joint sections (doubler, composite and steel flange) along the bolt-line in the y

direction, as shown in the schematic of Figure 5.65. This is done by using the COUPLE

DOFs option and manually picking the nodes to constrain. Nodal constraints are also

enforced in the x direction at the coincident nodes between the steel and composite

interfaces, to prevent rigid body motion of the composite beam.

Coincident nodes constrained
in the x direction at interfaces

Nodes coupled in the
y direction along bolt-line

Figure 5.65. Constrained Nodes along the Bolt-line

The second approach consists of using a spring element to model the bolt stiffness. A

schematic of this model is presented in Figure 5.66, where the spring element is depicted by a

solid line attached to the upper node of the steel doubler and the lower node of the steel

flange. The spring connects the top node of the steel doubler plate to the bottom node of the
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steel flange. To do this, an additional line is created along the bolt-line and overlaid on top

of the existing bolt-line. Element COMB114 is used to define the spring and a real constant

defines the spring stiffness, k. The spring element needs to be meshed separately, after the

joint regions have been meshed and the contact surfaces defined. To create a single spring,

assign the number of divisions to be 1.

For the DS-4 joint configuration, the stiffness of the linear spring can be calculated by

smearing the axial stiffness of the three bolts across the width of the model. For a single bolt

in axial loading, the bolt stiffness is computed as follows:
EA

kbol, = EA (5.4)
Lbolt

For a grade 8, tapered-head bolt with a diameter of 12.7 mm, used in the joint

specimens, E = 203 GPa, Lbotl = 50.8 mm, and A = 126.70 mm 2. From Eq. (5.4), the stiffness

of a single bolt, kbot, is found to be 506.2 KN/mm. The smeared bolt stiffness across the

width of the joint is computed using Eq. (5.5) for the joint test model, and Eq. (5.6) for the

global model as follows:

ksprng =kbol, n (5.5)
w

kspring = -- (5.6)
S

Where n = 3, is the number of bolts, w = 171.45 mm, is the width of the joint test article and

s is the bolt spacing in the global model. For the joint test model, Eq. (5.5) gives an estimate

of the axial stiffness for the spring element, ksprng = 8.86 KN/mm-mm. This value is used as

input for the spring element property definition in the model. This is implemented using the

real constants option in the ANSYS main menu in the spring stiffness box for the COMBI14

element.
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Top node of steel
Sdoubler

S~Spring element

Bottom node of steel
flange

Figure 5.66. Joint Model using a Spring Element

5.6.3.1. Effect of Spring Stiffness, kspi,,g

A parametric study was conducted to study the sensitivity of the joint response to

varying the spring stiffness, when loaded with a concentrated end force of 4.45 KN. Figure

5.67 presents the displacement at the free end of the composite versus the value of the

smeared bolt stiffness, kspring. The different stiffness between loading and unloading is

depicted in the figure as the end displacements converge to different values depending upon

the loading direction. For loading down, there is a sensitive response region between 0 and

2.5 KN/mm-mm; for loading up, the region extends to about 7.2 KN/mm2, after which the

curves begin to plateau. The theoretical estimate for bolt stiffness of 8.86 KN/mm 2 lies

within the flat region of the curves. This indicates that the bolt stiffness chosen for the joint

lies in the region where the response is not sensitive to bolt stiffness. Figure 5.68 presents

the displacement at the end of the joint region versus the bolt stiffness. For loading up, a

sensitive region is observed between 0 and 3.0 KN/mm-mm; for loading down, this region

extends to about 7.7 KN/mm-mm. Again, the theoretical estimate for the bolt stiffness

estimate is found in the flat region of the curve. The estimate for the spring stiffness was

again found to lie in the region where the response is not sensitive to this stiffness. A value

of 8.86 KN/mm-mm was chosen as input to the FE model.
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Figure 5.67. Effect of the Spring Stiffness on the End Displacement (x 381 mm)

Bolt Stiffness (P = 4.45 KN)
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Figure 5.68. Effect of the Spring Stiffness on the Joint Displacement (x =133 mm)
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5.6.4. Model Verification

The plain strain model approach, using contact surfaces and a spring element to

model the bolt, was verified for a net applied end load of 4.45 KN on a model representing

the joint test specimen of 171.45 mm in width. The displacements are compared to the

experimental results obtained for the DS-4 joint specimen. Figures 5.69 and 5.70 show the

deflected shape of the joint loaded down and up, respectively. In a general sense, the ideal

fully bonded model with no contact (designated No Contact) is the stiffest, due to the

omission of the contact and the bolt, which does not allow opening of gaps at the interfaces.

At x = 133 mm, the three FE models are within 10 percent of the experimental displacement.

The shapes begin to diverge at about x = 200 mm. The model with nodal constraints along

the bolt-line (designated Nodal Constraints) over predicts the displaced shape by about 20

percent at the free end of the beam. The model using a spring element (designated Spring)

provides a good depiction of the deflected shape of the joint, with a difference of under 10

percent.

2 P =4.45 KN, Down

E -4

c- -6 - Test
'•.... FE No Contact

-8 - - FE Nodal Constraints ..-

ýFE Spring
-10 -

0 100 200 300 400
x, mm

Figure 5.69. Deflected Shape of DS-4 Joint Models (4.45 KN, Down)
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12 FE No Contact

r- 10 FE Nodal Constraints ----- A
FE Spring

2

0 100 200 300 400
x, mm

Figure 5.70. Deflected Shape of DS-4 Joint Models (4.45 KN, Up)

5.6.5. Plane Strain Modeling Results Using Spring and Contact Elements

The results presented in this section correspond to the model using a spring element

to account for the bolt. The structure is loaded again to 4.45 KN at the end of the beam. It is

desired to study the contact pressure at the interfaces between the steel and composite

components, the magnitude of the contact gap and the normal and shear stresses on the

composite. The experiments showed that damage initiated at the top and bottom layers of I he

composite due to the bearing action of the steel doubler and flange on the composite beam.

Hence, the stresses at these locations are of interest.

Figure 5.71 presents the displacement contour of the joint loaded downward. As

expected, a gap opens up at the tapered interface between the steel doubler and the composite

beam. Another gap is observed at the bottom left interface between the composite and the

steel flange. This gap occurs due to the action of the spring and the symmetry boundary

condition applied to the doubler plate, which allows movement of the composite beam in the

y direction. Figure 5.72 shows the displacement contour of the joint loaded upward. In this

case, the gap between the doubler and the composite at the tapered region is closed. A gap

opens up at the steel flange and composite beam interface, after the bolt-line (x > 38 mun).

The larger displacement at the end of the beam is due to the lower bending resistance
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provided by the steel doubler during upward loading, when compared to the steel flange

during downward loading.

-8.21

-7 .29

"-6.38
-5.46

Gap Opening -4 54

-3 . 63

-2 .71

-1.79

-0 87

0 .04

Figure 5.71. Displacement Contour, Load Down (P = 4.45 KN)

0.00

1.23

2.46

Gap Opening 3 .70

4.94

6 .17

Bolt-line at x = 38 mm
7.41

8.65

9.88

11. 12

Figure 5.72. Displacement Contour, Load Up (P = 4.45 KN)
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Figure 5.73 shows the contact pressure distribution at the interface between the steel

doubler plate and the top of the composite beam, when loaded downward. A peak pressure

of about 4250 kPa occurs at x = 34 mm, just before the bolt-line, and it decreases rapidly to

zero, since the region of the composite located after the bolt-line does not interact with the

doubler edge. For the case of loading up, shown in Figure 5.74, a contact pressure of about

7000 kPa is observed at x = 29 mm, then a rapid drop to zero occurs, since the composite is

bent upward. A peak pressure of 8900 kPa is observed at x = 61 mm, which is a region of

high stress concentrations where the edge of the steel doubler contacts the tapered region of

the composite.

Contact Pressure at Doubler/Comp. Interface (4.45 KN, Down)

5000 -4500 -j
4500I TBolt-line

43000 _

S2500
U 2000 --
nL 1500

1000 -

500 T
0 7

0 10 20 30 40 50 60 70 80
x, mm

Figure 5.73. Contact Pressure at the Doubler/Composite Interface, Load Down
(4.45 KN)
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Contact Pressure at Doubler/Comp. Interface (4.45 KN, Up)
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Figure 5.74. Contact Pressure at the Doubler/Composite Interface, Load Up
(4.45 KN)

Figure 5.75 presents the contact pressure distribution at the interface between the

steel flange and the bottom of the composite beam, when loaded downward. An initial

pressure of about 200 kPa is observed from x = 0 to 18 mm, after which the pressure dies

down until it suddenly reaches a peak of 42000 kPa, which is due to the localized contact

between the composite and the edge of the steel flange at 138 mm. Rounding the flange tip

would help to mitigate this stress. For the case of loading up in Figure 5.76, a peak pressure

of 9900 kPa occurs at x = 0, where the composite compresses against the steel flange as the

joint is loaded. The pressure drops to zero just before the bolt-line (x = 27 mm), due to

opening of the gap at the interface.
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Contact Pressure at Comp./Flange Interface (4.45 KN, Down)
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Figure 5.75. Contact Pressure at the Composite/Flange Interface, Load Down
(4.45 KN)

Contact Pressure at Comp./Flange Interface (4.45 KN, Up)

12000

10000.- 8000 -- " B tne

L 6000 - ---

( 4000
U)

n 2000 ..... . ..

-2000

0 25 50 75 100 125 150
x, mm

Figure 5.76. Contact Pressure at the Composite/Flange Interface, Load Up
(4.45 KN)

Figure 5.77 shows the gap opening at the doubler and composite interface, for loading

down. No gap is developed before the bolt-line. After the bolt, a gap begins to open as the
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composite bends downward and it peaks at the end of the doubler (x = 67 mm) to a value of

0.058 mm. When loaded upward, as shown in Figure 5.78, a gap of 0.052 mm opens up at x

= 52 mm. Figure 5.79 shows the gap at the composite and steel flange interface, when

loaded downward. A gap begins to develop before the bolt-line to a peak of 0.040 mm at x =

100 mm, due to local bending of the composite. At the edge of the steel flange (x = 133

mm), the gap is closed, as expected for this loading condition. For the case of loading up in

Figure 5.80, a gap begins to open up at the bolt-line (x = 38 mm) and increases to a peak

value of 1 mm at x = 133 mm. These results show that the modeling approach is effective in

modeling the contact interactions and the effect of the bolt for both loading conditions.

Gap at Doubler/Composite Interface (4.45 KN, Down)

0.080

0 .0 7 0 . .. . ...... .... . ............
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0.020--- _ -_
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Figure 5.77. Contact Gap at the Doubler/Composite Interface, Load Down
(4.45 KN)
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Gap at Doubler/Composite Interface (4.45 KN, Up)
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Figure 5.78. Contact Gap at the Doubler/Composite Interface, Load Up
(4.45 KN)
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Figure 5.79. Contact Gap at the Composite/Flange Interface, Load Down
(4.45 KN)

195



Gap at Composite/Flange Interface (4.45 KN, Up)

1.20

1.00 Bolt-line -

0.80 ,_

S0.60 _

0.40 _

0 .20 ----- ...-

0.00
0 25 50 75 100 125 150

x, mm

Figure 5.80. Contact Gap at the Composite/Flange Interface, Load Up
(4.45 KN)

Figure 5.81 presents the normal stress contour for the case of downward loading. In a

general sense, it is observed that the peak stresses (-134 MPa, 120 MPa) occur at the outer

layers of the top and bottom surfaces of the composite, particularly at the tapered region of

the composite beam. These stresses are higher than the strength, indicating that local damage

will initiate at these locations prior to reaching this load level. A stress concentration is

observed at the bottom left of the steel flange and at the nodes connecting the spring element

to the doubler and steel flange. In the case of loading up in Figure 5.82, the peak stresses

recorded (-264 MPa, 221 MPa) occur in the steel doubler plate, as a result of the compressive

action of the composite beam. A peak tensile stress of 113 MPa is recorded at the end of the

tapered region of the composite beam.
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Figure 5.81. Normal Stress Contour, o-,,, Load Down (4.45 KN)
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Figure 5.82. Normal Stress Contour, q, Load Up (4.45 KN)

Figure 5.83 presents the shear stress contour when the joint is loaded downward. A

peak stress of 16 MPa is observed at the contact region between the lower edge of the

doubler plate and the tapered section of the composite. At the bottom tapered section of the

composite, a peak stress of-12 MPa is recorded. Figure 5.84 shows the shear stress contour

when the joint is loaded upward. In this case, a peak stress of 54 MPa is observed at the

lower edge of the steel doubler plate and a peak stress of -43 MPa is observed at the tapered

composite region in contact with the doubler. At the lower tapered region of the composite, a

stress of 38 MPa was calculated. The high shear stresses observed in the tapered regions of

198



the composite beam will lead to delamination and eventually failure along the interfaces;

between the composite and the foam. As observed in the experiments for joints with doubler

plates and foam inserts, damage initiated at the tapered regions, due to the bearing action of

the steel members, and then propagated to the foam insert and eventually caused final

rupture.

A M-48.07

"B -40.87

-33.69

16 MPa -26.50

-19.32

-12.14

, ...- 4.9 4
S9.43 MPa

2.23

A9.43

16.61

-12 MPa B

Figure 5.83. Shear Stress Contour, ry, Load Down (4.45 KN)
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Figure 5.84. Shear Stress Contour, r•, Load Up (4.45 KN)
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5.6.6. Strength Prediction

This section presents the complete load versus displacement response of the DS-4 joint

and an estimate of failure initiation. The load-displacement response is shown for both

loading directions. Initiation of failure is used as the strength estimate for this connection

because after this load significant damage will begin to accumulate. Failure initiation is

estimated by comparing the peak normal stresses obtained from the model with the strength

values of each lamina as given in Table 5.7. In this analysis the joint is loaded in flexure, by

applying a concentrated end load atx = 381 mm, as shown in Figure 5.63. A load of 40 KN

is applied in steps (increments) of 4.45 KN, for a total of 11 load steps (note that the initial

step is for gap closure during initial contact, so a total of 10 steps are actually used for

loading).

Figure 5.85 presents a comparison of the experimental and numerical load versus

displacement envelopes for the DS-4 joint. For loading down, the response of the model

closely follows the experimental results until a load of about 8 KN, after which a slight

stiffness degradation is observed in the experimental data. It is theorized that this decrease

is due to the cyclic loading that causes minor material damage. For loading up, the

experimental and numerical results agree well up until a load value of about 8 KN. It is also

noted that the response of the system is stiffer when loading down than when loading up.

The discrepancies between the numerical and experimental results are attributed to the

material model used for the composite layers and other differences between the model and

the as-built geometry. The layers are modeled using orthotropic material property

definitions, which do not account for stiffness degradation due to progressive failure that

occurs in the actual joint specimen during testing.

Figure 5.86 presents a contour of the normal stresses (a,,) at a downward load of 26

KN, which corresponds to load step 7. The contour shows that the peak stresses occur at the

outer 0' layers (539 MPa - top, and -607 MPa - bottom). At this load, the stress at the lower

0° layer is about equal to the compressive strength of this layer in the longitudinal direction

(SI+ = -607 MPa), shown in Table 5.7, and failure of this layer is assumed to have occurred.
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Figure 5.85. Load versus Outer Displacement Envelope for DS-4 Joint

The model presented in this section provides a good estimate of failure initiation, but

does not account for progressive material non-linearity due to the decrease in stiffness with

increasing load. In order to predict the strength of the joint, a progressive damage model is

required, where the stiffness of the failed elements is reduced appropriately once the layers

containing these elements reaches any of the failure criteria.

Figure 5.87 presents a contour plot of the through the thickness stress (Syy) at a load of

13 KN. The contour shows that some of the peak stresses occur at the edge of the steel

flange, where it contacts with the composite beam. At this load level, a bearing stress of-77

MPa occurs, which is about equal to the strength of the matrix (S = 75.84 MPa). It is

hypothesized that these localized transverse stresses induce crushing of the matrix, which

may lead to premature failure of the fibers in this region as the metal locally fails the matrix.

Rounding the edge of the steel flange component may reduce this effect.

Figure 5.88 presents the load versus displacement curve of the joint during the eight set

of cycles, for displacements recorded with the inner LVDTs (joint region). The first

significant drop in load occurred when loading in the downward direction, where the peak

load attained is about 23 KN. This drop in load may be attributed to fiber failure and is an

indication of damage initiation. Loading up resulted in a similar phenomenon with a
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predicted failure initiation load of 20 KN compared to the load observed in the experiment of

18.6 KN
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at S•=-607 MPa

Figure 5.86. Stress Contour (Sx,) at P = 26 KN, Load Down, Showing First Ply Failure
of a 0-deg Layer (in MPa)
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Figure 5.87. Stress Contour (Sy,) at P = 13 KN, Load Down, Showing Crushing of the Matrix by
Steel Flange (in MPa)
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Sets 1 and 8 (Inner LVDTs)
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Sub-Component Joint Testing

An experimental investigation was conducted to assess the relative structural

performance of hybrid composite/metal bolted connections subjected to flexural loading.

Two types of hybrid connections were investigated as part of this study, namely, standard

bolted joints and bolted joints with doubler plates. Overall, the goal was to develop a

watertight hybrid connection to resist bending loads. This was accomplished by using

tapered-head bolts in lieu of protruding-head bolts and by implementing a doubler plate,

which prevents the joint from opening and decreases the bolt load loss due to creep by

spreading the bolt preload over a wider area.

The response of fifteen different joint configurations was studied experimentally.

Evaluation was based upon the relative performance of potential concepts with regards to

joint capacity, rotational stiffness, failure mode sequence, and the ability to seal the joint

for watertight integrity. This study has shown that, for resisting bending loads, joints

with doubler plates can be made stronger and rotationally stiffer than standard bolted

joints. For example, when compared to a bolted joint counterpart with two rows of the

same diameter bolts (BT-2), a joint using a short doubler plate, a foam insert, and a single

row of bolts (DS-4) was found to be at least 46 percent stronger and 29 percent stiffer

when displaced downward, and 33 percent stronger and 34 percent stiffer when displaced

upward. Doubler plates proved effective in mitigating opening of the joint, which will

improve the ability to seal the joint and maintain watertight integrity. Hence, the

additional expense and geometric complexity of using doubler plates and foam inserts

may be justified for some underwater applications.

When comparing the performance of the joint configurations with doubler plates

to each other, it was observed that a joint with a short doubler plate and one row of bolts

(such as DS-4) can attain capacities comparable to those of joints with long doubler

plates and 2 rows of bolts (such as DL-2 and DL-3). When compared to DS-4, the use of

long doublers induced more catastrophic failure sequences, which ultimately led to

complete separation of the composite beam from the joint region. Moreover, DS-4

requires roughly half of the material for fabrication of the doubler plates and half the

number of bolts than those joints with medium and long doubler plates. This may be a
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significant factor when considering installation and/or maintenance of large-scale

structures that require multi-panel assemblies using bolted connections. In light of these

observations, the short doubler and foam insert joint configuration (DS-4) was selected

for implementation into hydrostatic testing of a hybrid, four-panel assembly.

It is recommended that future hybrid joint work focuses on: 1) repeat testing to

study the variability in joint performance; 2) possible ways to fabricate joints with

doubler plates and foam inserts more economically; 3) testing of joints subjected to in-

plane tension and compression; 4) developing hybrid joints that may be welded as

opposed to bolted; and 5) study of the fatigue resistance of the connections.

6.2. Panel Testing

The main goal of testing a large-scale region of the hybrid lifting body was to

assess the structural performance of the MACH concept, when applied to a modular,

multi-panel assembly. A hydrostatic test system and test procedure were successfully

developed and implemented for this study. The hybrid joint was assembled by attaching

four E-glass/vinyl ester composite, hat-stiffened, panels to steel I-beam members, acting

as bulkheads. The hat-stiffened panels were fabricated using a VARTM process. The

panels were loaded to a target peak pressure of 248 kPa, which is approximately 3 times

the design pressure. Loading was accomplished in a specially designed test tank, which

applied water pressure to the wet side of the test article. Test results showed linear

response of the system when loaded to the design pressure of 82.74 kPa. Non-linear

behavior of the load-strain curves and the load-displacement curves began during the

third loading set of cycles, with a peak pressure of 1.5 times the design pressure. Non-

linearity of these curves indicated imminent damage, which occurred as delamination of

the stiffeners on the larger panels at 1.4 times the design load. No damage was observed

in the small panels. After significant failure of the stiffeners, the hybrid panel assembly

withstood 3 times the design load without leakage. Hence, the response of the hybrid

joint was deemed successful, as watertight integrity was achieved. Delamination of the

stiffeners indicated that failure of the composite panels initiated at the stiffener/panel

interface. This type of failure resulted from a combination of stiffener geometry and

techniques for bonding of the stiffeners to the flat surface of the panels. Providing more

shear resistance at the interface, by interleaving fabric or by improved adhesion, would
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delay the initiation of this failure mode. Improvements of the manufacturing techniques

should result in stronger panels.

It is recommended that future work focus on investigating the structural response

of hybrid systems, which use other metal material types, such as aluminum and various

joint geometrys including weldable joints. It is also recommended to study the fatigue

life of the hybrid assembly using various joint configurations. Finally, composite

stiffener manufacturing techniques should be improved, while also conducting stiffener

geometry optimization studies.

6.3. Finite Element Analysis of Hybrid Connections

Global finite element analysis (FEA) was accomplished using shell element

models. In so doing, a local model of the joint was used to develop a modeling

methodology that was ultimately implemented on a global shell model of the 4-panel

assembly. The local shell model divided the hybrid connection into five regions.

Properties for each region were prescribed according to assumptions made. The

predicted response was compared to experimental results for the DS-4 joint. Results

show that the hybrid FEA model gives a good prediction of the connection response since

the displacements were within 10% of the experimental values. Predictions of stress.,

strain and strength of the connection region were not accomplished with the shell model

and require detailed local models. Shell finite element models of the global 4-panel

assembly show good agreement with experiments with a difference in peak

displacements of less than 10%. Parametric studies using the shell model show that the

steel flange and doubler plate thickness have a significant impact on connection rigidity.

Detailed joint modeling was carried out using a plane strain finite element model.

This model included contact between the composite and steel constituents, and a spring to

represent the bolts. Different stiffness was demonstrated in pulling and pushing due to

the variation in joint gap opening caused by the connection geometry. The detailed

model gave a good prediction of the DS-4 joint response. Local contact pressures were

shown to be high at the end of the flange, which is where failure initiated during the

testing. Details to reduce this stress riser may improve the strength of the connection.
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Appendix A

Material Specifications

A.1. DIAB Divinycell H80 Foam

DKnjoa is a sani-rtgid PVC foar ursed as a ormabe in conjunction with Ng hskang#h skins. to produce strong.
slit • * ot oomiposts sbucture• . DvinyoeV H is our most comr" used oor trntadat. Al• Mnycell nam has a
high stnw~gd~o-waligt ratio, eloapt~onal &fnanvc asangqi. exoIefnt In4A8*tig propwties. and a ok~sed-owl subioxe
that mns it pevioI t water. Dvinyce Is w •ideed In the rnr-tne.. trmpoutaon. and aeraspa Indlustes, and
can b* used in coaurAies apploatlona where strengh. stiffnoss. and kyw wm~gh are dowabud. This ruaia is avaiiabi. in
a utga of d ieaa. mas s-andard sheets or fa6ciai-d to custoaw specifiations.

MIleriai Properties

f Hd5 HNW HBO H100 H130 H 160 14200 H250

Demml kgfmi 48 80 80 100 130 160 200 250

AS1U D I 2 Wfts 3.0 3.8 5.0 8.3 81 & 1 .0 12-5 15.6

C=iXa0.h Wa 09 1-2 1.7 2-5 3.4 4.4 58
Skuut (-+22-C)

ASp D 87 131 174 247 363 493 38 841.alM • (+72"F) .. ...

-np.v* Wall) 40 70 85 125 175 230 310 400

ASTE 0 lCH - 8 5800 10150 12325 18125 25375 33350 44450 58000(+726F) IIIII

Tmns"l SWaeko ( 1.3 1. 2.2 3.1 4-2 5.1 8.4 8-8(+Z22C)

ASTM D 13 Psi 189 270 319 450 509 740 928 1276

Tensai Modulus 42 75 s0 1D5 140 170 230 300

ASTM D I23 p a090 10875 11600 15225 20300 2450 3335 43500
1+720F)

stma W - MPA 0.5 0-8 1.0 1.4 2.0 z2 3.3 4.5UNO111 (+22,C)

____ C 27? 73 11 145 203 290 377 479 8653ASTMC 23 -gO +7r9F

I 5W i- Wal 0.485 0.88 0, 1.33 1.8 2-42 "
ydd (+228C)

AUCV -ce pu 70 go 136 193 281 351 "

Sha b ModUn 1i 22 31 40 52 66 85 108(+22C)

AlTEC 273 PI 2510 3VO 4405 5800 7540 W570 12325 15600_+7?F)

ShWi"*1t11 % 10 20 18 25 30 31 33 35

OW- nur d do INF~ ~- W-6

•O ,,•ui epaaa ftnperatur. ran: -2001C to +70rC (-325"F to 1 60"1)

Ma umun processing temperature: +80rC (+1761F)

Coefient of liear expansion (ASTM 0-690): 3.5 x 1041 -C (1.9 x 10' / -F)

Poissons ralio 0.32

Density Tolerance -10% 1+15%
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Divinyc.M H h•s a unique position i the irt'national oomwosite mae as a core material in rwENm.YwlonaI sandwich
owusuctions. The Iiyool H grad Is aid in a wkd range of app lowalin r vwe *we is a need for a sbtr p.
Iwsihg conuclru on nutigtal upk exo~en mechwdod olwtara drslics AppFaations inrwhid. hefloopter rokw Mod"
pleaure craft. ship hsd truc bodes. Dn*rfiad n H grade Is available in a rungs of dnalimas standard sheets or
bbricated bo ~aon specfcSations.

Thawmall Pfoprlis

Quaft H AS H O H180 H100 H130 HIG0 H200 14250

Osm1y kgkmn 48 80 8o 100 130 180 200 250

ASTM 0 1622 we 3.0 3h 5 -8.3 8.1 10.0 12.6 15.8

ThernmW Comhap v*t VOi eV 0.023 0-=4 0.M D.028 0-032 0.03 0.040 0040

ASTM C 177 -1Mf bk* 2 hAF 0.153 0.10 0.173 0,187 0.213 0,233 027 OW0

Themnel CooduOhy WnM 4C 0,024 0025 0,028 0.030 0.034 0.038 0.4 O.,

ASTMC 177 +1 MWkj*W h*F 0.180 0.167 0.187 0.O) 0,227 0.253 0287 0"3,)

Thermar CondLmoA* vni Sr O.C0 0027 0030 0,032 O.30 04 Dim 0.=

ASTM CIT77+370C BOWkeft h F 0.173 0,180 02)0 0.213 02_40 0287 0.307 0.347

VhdwAhboqpbon 0.100OA 0.072 0.045 0.0340 .1 0 .024 O.M0 0118

A,1O D 2U OLD21 0.015 0.9 .00 0.008 1508 0-004 0.004

iMW Penwabift rrisx to, 2.8 1.8 1.1 1.0 1.0 1.0 1.0 1.0

ASTM E 96 R% x 104 02B 0.15 O10 OD O0 0.09 O. 0.00

Speafic Heat UAgC 1CO) I .0 1.75 1.70 I.8 1.80 1.8 150

ASTIA E 1269 Bh) F 0,454 0,423 0418 0.408 OINK 0,32 0J7 0.

R-Value 12.7 nnnal0.5l f 3.2 3.0 2.7 2.5 2.2 2.0 1.8 1.8

Based on +OC K factor 24rm l.0 ih U C.0 523 80 4A 4.0 3.5 3.1

50.8 mrn / 2.0 in 12.- 12-0 10.1 to.0 8.8 8.0 7.0 8.2

Continuous operating temperature range: -200rC to +70*C (-325IF to 10"F)

Maxi mum processing tempqeraturw +W&C (+17a"F)

Coefficient of linear expansion (ASTM D-698): 3.5 x 10e IC (1., x le• / F)

PoLssons ratio: 0.32

Density Tolerance: -10% 1 +15%
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A.2. DERAKANE 8084 Vinyl Ester Resin

High Elongation, DERM(ANE* 8084 E-poxy VmlE~rRsn is an elastomler moxdý.ea reýsin designed to ofe'r
Tough Epoxy increased adhestwv :~rength, superor r,--s:&iace to abrasmo aind seveie med~ar- cal stfess,
Vinyl Ester Resin whiegivisg grea-mtou*nes- a-6e na Io

DERAKANE 808 and DER.AKANE- 809'0 Re sis are the only epoxy vinyl es~ers avaiiabie
the: offer this exceptbonaI combiqation of properties,

Typical Liquid NProprty III Value
Resin Properties DE15IN '25t *C11- F4 -

25~o~ 2aCi177F '3605C-l-

9ieE'Lie I' DaA 25 C:t77, '

opmeld Noin' 1oteor "nfrbt"Fe.

Applicititins . OERAKANE-' 8084 Res.in ks :he esnof choice as a primei resin To prepare a substrate
and Fabrication srae(t~o o~eefrapcto fao'r~nrssa:urg
Techniques . DERAXANE 80864Re~sin cin be use Fr RM, hanQ-1ay, spray-up, filamient wn rig and

other industinal FRP kavtjionrs.
. For applications requirrg even highe elasticiry and impact resistanoe, DERAKN:E

8090 Resin carm be used.

Benefits * DE7RAKAN E 8084 Resýin hias ex~i~t-d d~ncal m- stairce across a broad range of
acds, bases an'd organric 4mem cals

4 Resin ci chosce as a pnrne-r to prepare a -.ýstrate surface for appkiation of a corrosion
resistan- iln-rg. hexs ovstandin adiesr,;ý;resragih on diff een- t"e of steel
alwriirwn an d co>ncrete.

* Superior elongatior and oughnes- provides FRP eqoipment oric L-etter impact
resistance and ýevs cacking due -o cyclic tempera.ure, pressure -ucua~iatin6, and3
mechanical shocks providing ai saFery ector against damnage d~wing process Lbesets Of
durIng shippuig~ and ins la!1ein.

* Has exhibited supenor prperyi retentio n wder dynamic fatigue cronditin3.
. Approed for use on thýe manufacture of ships under a DtW (Det Norsie Venas)

certificate.
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Gel Time Tef*igtbem~ds~pcIglie EPS~~ oi t~eir~k
Formulations non-;rtwnqt MEK(P a -en'iatveu -vd BP0 petexxdes ere av&'ae m iaparate ofl-duc

I:Kureiw. Thece anmd airw wtmia¶ie1 ae avt~abýao at "I ra~c

MEKP Gel Typical Gel Tnims~i Using Norox MEKP-9mH'14.'tl
T Ime Talble and Cobalt Nap~hthenvte-6%"G

Tw~fa. * IS 1+J. 5 FAn*A 30 1~J IS 10 u Uwl e- 13 Mmrwje

5.0 0 VX, 0cK SPý 2 & LEAKP

0. w LA0.2 ch- MA 0i pwD ZA

0.5 cK? 4la6% k 0.1c,h.co,"zE% -3 ýPt 6-
0.1 i0- tA 02,W2 c#JA O35*0L1

30-'C , IFMKP 1 5 ch. E<p P5v 117KF
0,1 &, CC~~6 03 ch C 3¶.ali% 3 vcotr 8

0.2r0OW 0.05 p! CA 2 MFh DMA.

4) ;01 [Itft Fw rtirflral roBif
W8 NbOa: trn Ncm fca, MGKP-9256N- of 8rt"ia4uaGA J~u eqUwula k:% Il~cgr

p onliin ILICtMKP, CDkult Hafl)wroti.4% iG4~ D~ln-ýý"llne (OPAA. 8W1 2 4-
PonlanzOdkir (Z,4-). o )M.0IO Ma P or ottw W~Uae ,.oy ioet) (In dIIM gei Ito, Mouth

M IG of 001 cob 108R, .poeIN in eOwunodMon 0410t ,.A-P, 8 can4 lti 4in Sv toX)% nh:ý*w 3*1 bmno

Casting Typical Propertiesm1 of Postoureecyt Resin Clear Casting
Properties NopriyN dS~~bd Tot Method

Te ~ ~ Y; 2~P 41 x1:',psi ASTV D-3-2, ISO 527
oer,sý BEkal. Yi 6 ro 04, sit ¶% A3TV 348 S 27,

1Kag~ i P3 * 1OCýeM AýST D-793, 350 t-.
~1ew~ 13Aj 33 po 4,5 x~psi A5jT1 C)-79.~ 3SO 178

BA762;ISOII&3

Nfe.3 Oitstmir, 7er~orbre, HEIT - S 1K0F ASTM 2-449 kje-8 A IO~
-,ot5 -,ric ltz" ue Ta2 lIl ¶5Cz ASTV 0-2419. 12S) ' 1359-2

Z02~~~~ ?px Lwo,~ 48 k SS M n ASTV 0-2ý56

Laminate Typical Propertiesolo of Postcurediv 6 mmn (114 in) Liminate~ti
Properties Pfp~t N SS~r Toot MBtmd

TarsiloK~ cJi 963- 40,¶5p ASTM D-3l39 SO 527
Tes1 Wkdlu5 ¶90 31Pa 26 00 psa ASThI 0I-3)1O 3CO1

:IExu-3 5ve&a-qs I K!i 1r: 0 po ASTM0-9 ISO .6

42%ss 1,I&% ASTM0-2564 `301M2

ill TyfOA paPv~ty w"dlt. Only, nlOt b)l Di- cWMDIuI 60 6PQClllcWMo 54 VkO.M NIAt3 k) two SVIA~tIC

(81 PLaYenlrlu streB: 1.82 MIPR (284 pol)
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AA3 Brunswick Technologies, Inc. E-Giass Fibers

Standard Product Specification
CM-2408/IVersionlOlOl C-'zvb

NoryinaI Weight Tolerance Com~position

LD13.00 441 4l- % 40-5%

902108 410 4-5% 17.7%

Mat 6.75 229 -~5% 21,C%

Stitch Ya 0.25 8 4- 10% 0,8%

Total 2O .s % 1~0

product Specifications:

T o0 it Lrus E-SIass
W.V 'a inlus E-3iass

met 84nder6ess d'noped S-Glass 2r LV,
Stkd, Yarn XCd ýotyesý.Er

Mate-ral Specificaticos:
Stitch length t.!si Dry fabric thiickness
Stitch patleni Materital Width
Stitch gap Rog Jeith My

Roil weight 1.5Ilb

Speciflic nub"ia inutfm

Pacitanin(OInstructons:
Core used Jse stxwdzd .I a' we. 6T long
Box I piasik Jse stxyazds !OV bx.

pallet ýao~ar- 9 boxes per !0 pi$et
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Standard Product Specification

XM-2408 /Version 1006 CfetRVn
Biaalwi bridered mat uecds

Nominal Weight Tolerance Coposition

+5312.00 407 -4 5i% 30.%

A01200 407 511. 350

Bindlered Mat 8 11 275 1 T 24 .%

Stitch Yamn 0.9 -13 *1~.~

Total 32 49 5%-'

Product Specificatioos:

*45' On -,-,tiuos F-Glass

13inderd MA Gindared chbfppel sxi~d ý-_3lass
Stltrh Yarn 1K, C~qtyw

Material Specifirations,
Stitches Per Inch 5~ +:0- I St DMy abtic thk~kneSS
Stitch pattern C~an Matatvia wkfth 50 '(- 41 Vancue
s1cgag5 Roll length 8C yd

Roll weight 22e : :1a,&7vMglt 21031
Speflo mate"ia itW

Paclmkagina tnstructioris:
Care used sujr t"b
Box "Pbastc Staedar- bcax
pallet &na pi~em
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Appendix B

Instrumentation Specifications

B.1. Lebow 3174 Load Cells

MODELS 3174, 3175 AmD 3176

Tension and compression 5,000 lbs. to
150,000 lbs.

S E N S 0 R C H A R A C T E R IS T I C S : 3174, 3175 AND 3176

JANW"I LOAD STAIIC OViRLOAD FAflCAX fl&TKAMLfRAOU DERCTION AT 14
NA R~E ~ I CAPArJTY f, CAt'ACnY'. CF CAFAV"I % OF LOAD WRAItS "CA& LOAD F0 V PU#QfCKY ýk

KNO& CAPACMT LOW, CAPA4WE LRM lo iNCs

SWEAP k. 180W~ I OR MAO" Af2
LMA IIEWTOIS 01 Fý L&S. M, UL. INCRIS I& HKM1

3174 5K 20K 150 1C0 Ilk 9K 12K 0,001 6,500

10K 50K 150 1CI 25K 27K 24K 0.001 7,200

20K 100K 150 10) 55K 58K a5k 0,001 8.00

3175 S0K 2M0l 150 100 32K 33K 67K 0.001 12,000

3176 100K 500K 150 I00 78K 147K 19<K O.C0)1 15.000

218



B.2. Macrosensors Linear Variable Displacement Transducers

G~narol Sptcificaions .

Inpw Pow~th 24 YDC kciw*~
1 524 VDC 110%, -A I
30 mrA (nacmb,4

FuI S~wk u~ 10t10 vDC _

Oi1w1 Noiw & Nppd.' -c 5 onm~

(I to. 10% of PSOo~a 0Np10r.
RepotawNJiby &m-~~ < fm01% C4 Pie
Hymemsis Emwo# 0OES
Op~tcdaing U.tawrc "V k +160Y ION

(-20*C to +7MC)
Thr1m.c Co~mclgi .0.015"~ Ob.0 I_-,vi

of ScW* Faciotrz I-0.07%/rc f4-
Vbu#o&l R~t.4.K*- "0 9 to2 k"tz
S hod Sudv~d; 100S. 11 r". Zero O"Ut PCfAdcM All 4dftelhom Nk UODW, I .mE

Spatcificafions
K#" P. 56750 $9750 St n0 SG 750 St " 0 S1 SE7ý0 SG n 4 ~7s

Pwar-.n v -700 .2v .30 .10*0( -2000 A000 &WO .100*0 .20000
"40ia o'ibw 0. 100 O.2) -SO 0." 1.00 2.00 4.J00 6f)O 10.00 20.0

H'Ih.(ek 2.5 6.3 12.7 21.4 soh 101.6 15 2. 4 254 509
s.k .- w lyMd* -1W- -- Z -W - Wi -W - -7-3 TF T -

kah FOsavfA,0- 4.0 Lo W. Od 2 0.1 0OJD 0.(d on0

am""- M4 L 2.S 346 4.24 4.74 8.24 1111 14.49 '19.49 22.31

a.tWM0 72.5 Q&3 '107.7 171.2 2~09. 2"47 UC4O 495. R" AS

r&,a.r OA...) 0.90 1.25 145 3,45 345 M.3 0-20 6.20 9.50

S 20U 35. 41.9 27.6 87.. 134.6 157.5 '157.5 2,41.3

S050, 1.00 1.110 2.07 2.33 3.07 3.45 3.95 5.42

~ ., 14.7 -25.A 27.9 52.6 59.2 79.0 97.6 100.3 13137

vY.ýhf - d J- 1.9 12.3 2.8 3.7 5.5 7.5 9.5 11.0 15.7

,Wýl-BYlt ) 64 80 104 158 1 269 319 445
'Nýt-C 0.08 0.12 10.19 j0.40 0.40 0.65 0.80 0.M 1.20

2.10 4 3.7 14.9 111.6 11.6 19.0 22.0 122.0 3.
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Appendix C

Load versus Outer Displacement Plots of Hybrid Joints

Cycle set 1 Cycle set 2
2.00 4

1.50 3
1.00 2
0.50 1-

S0.00 ........

"8-0.50
II

" -1.00 o,-

-1.50 - -2 -

-2.001 -3 L

-2.50 -4
-10 -5 0 5 10 -15 -10 -5 0 5 10 15

Displacement, mm Displacement, mm

Cycle set 3 Cycle set 4
6 8

4 6

4
22 2

0
d0 0-2 • •

S-2-2
-4

-4 -6

-6 -8

-20 -10 0 10 20 -30 -20 -10 0 10 20 30
Displacement, mm Displacement, mm

Cycle set 5 Cycle set 6

6 10

4

"-6 0 . . .... " 0 ............. ..
3-2 0.

-4

-6 -10
-8

-10 -15
-40 -20 0 20 40 -40 -20 0 20 40

Displacement, mm Displacement, mm

Figure C.1. Load-Displacement Curves for Specimen BP-1, Cycle Sets 1-6
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15 Cycle set 7 20 Cycle set 8

10 1
5 510

00 00

_j- 5"• -5 •," -5 ,

-10 -10

-15 -15
-40 -20 0 20 40 -60 -40 -20 0 20 40 60

Displacement, mm Displacement, mm

Cycle set 9 Cycle set 10
20 20

15 15 -

10 1 10

-od 0 -- -- a-" 0 -.
0, -5 0 ,

0 -5

-10 -10

-60 -40 -20 0 20 40 60 -100 -50 0 50 100
Displacement, mm DisplacementM mm
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Figure C.2. Load-Displacement Curves for Specimen BP-1, Cycle Sets 7-12
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Figure C.3. Load-Displacement Curves for Specimen BT-2, Cycle Sets 1-6
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Figure C.4. Load-Displacement Curves for Specimen BT-2, Cycle Sets 7-11
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Figure C.5. Load-Displacement Curves for Specimen BP-3, Cycle Sets 1-6
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Figure C.6. Load-Displacement Curves for Specimen BP-3, Cycle Sets 7-12

225



Cycle set 1 Cycle set 2
3 5

4
2 3

2

o0 01
_-1 _ -2

-2 -- 3
-4

-3 -5
-10 -5 0 5 10 -15 -10 -5 0 5 10

Displacement, mm Displacement, mm

Cycle set 3 Cycle set 4
6 810
6 8
4 6

-0 0
00.3-2 2

-4 -4
-6 -6

-8 -8
-20 -10 0 10 20 -30 -20 -10 0 10 20

Displacement, mm Displacement, mm

Cycle set 5 Cycle set 615 -,-------- 15

10 10

= d 0. .. ..........J-5

-5 -10

-10 -15 -

-30 -20 -10 0 10 20 -40 -30 -20 -10 0 10 20
Displacement, mm Displacement, mm

Figure C.7. Load-Displacement Curves for Specimen BT-4, Cycle Sets 1-6
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Figure C.8. Load-Displacement Curves for Specimen BT-4, Cycle Sets 7-11
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Figure C.9. Load-Displacement Curves for Specimen BP-5, Cycle Sets 1-6
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Figure C.10. Load-Displacement Curves for Specimen BP-5, Cycle Sets 7-12
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Figure C.AL. Load-Displacement Curves for Specimen BT-6, Cycle Sets 1-6
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Figure C.12. Load-Displacement Curves for Specimen BT-6, Cycle Sets 7-12
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Figure C.13. Load-Displacement Curves for Specimen BT-7, Cycle Sets 1-6
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Figure C.14. Load-Displacement Curves for Specimen BT-7, Cycle Sets 7-12
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Figure C.15. Load-Displacement Curves for Specimen DM-1, Cycle Sets 1-6
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Figure C.16. Load-Displacement Curves for Specimen DM-1, Cycle Sets 7-12
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Figure C.17. Load-Displacement Curves for Specimen DL-2, Cycle Sets 1-6
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Figure C.18. Load-Displacement Curves for Specimen DL-2, Cycle Sets 7-12
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Figure C.19. Load-Displacement Curves for Specimen DL-3, Cycle Sets 1-6
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Figure C.20. Load-Displacement Curves for Specimen DL-3, Cycle Sets 6-12
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Figure C.21. Load-Displacement Curves for Specimen DS-4, Cycle Sets 1-6
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Figure C.22. Load-Displacement Curves for Specimen DS-4, Cycle Sets 7-12
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Figure C.23. Load-Displacement Curves for Specimen DL-5, Cycle Sets 1-6
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Figure C.24. Load-Displacement Curves for Specimen DL-5, Cycle Sets 7-12

243



Cycle set 1 Cycle set 2

1.50 3

1.00 2

0.50 1

.0.00 - 0

0 -0.50 CO -I
-1.00 -2

-1.50 -3

-2.00 -4
-10 -5 0 5 10 -15 -10 -5 0 5 10 15

Displacement, mm Displacement mm

Cycle set 3 Cycle set 4
4 6

3 4
2

_1 -2

"J-2-
-4

-3
-4 -6

-5 - -8
-20 -10 0 10 20 -30 -20 -10 0 10 20 30

Displacement, mm Displacement. mM

Cycle set 5 Cycle set 6
8 8

6 6

4 4

2Z,2 0o

.3-2 o -4

-4 -6
-6 -8

-8 -10

-40 -20 0 20 40 -40 -20 0 20 40
Displacement, mm Displacement, mm

Figure C.25. Load-Displacement Curves for Specimen DM-6, Cycle Sets 1-6
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Figure C.26. Load-Displacement Curves for Specimen DM-6, Cycle Sets 7-12
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Figure C.27. Load-Displacement Curves for Specimen DL-7, Cycle Sets 1-6
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Figure C.28. Load-Displacement Curves for Specimen DL-7, Cycle Sets 7-12
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Appendix D

Load versus Middle Displacement Plots of Hybrid Joints
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Figure D.1. Load-Displacement Curves for Specimen BP-1, Cycle Sets 1-6
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Figure D.2. Load-Displacement Curves for Specimen BP-1, Cycle Sets 7-12
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Figure D.3. Load-Displacement Curves for Specimen BT-2, Cycle Sets 1-6
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Figure D.4. Load-Displacement Curves for Specimen BT-2, Cycle Sets 7-11
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Figure D.5. Load-Displacement Curves for Specimen BP-3, Cycle Sets 1-6

252



Cycle set 7 Cycle set 8
15 15

10 10

o6 0

-J-5 ~J 5

-10 -10

-15 -15
-10 -5 0 5 10 15 -15 -10 -5 0 5 10 15

Displacement, mm Displacement, mm

20Cycle s et 9 20Cycle set 10

10 105-

-10 -10

-15 -15

-20 -20
-20 -10 0 10 20 -20 -10 0 10 20

Displacement mm Displacement, mm

Cycle set 11 Cycle set 12
20 2

10 1

*0
cc -5 cco o

-15 -10

-20 -15

-25 -20
-20 -10 0 10 20 -20 -10 0 10 20 30

Displacement mm Displacement rmm

Figure D.6. Load-Displacement Curves for Specimen BP-3, Cycle Sets 7-12
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Figure D.7. Load-Displacement Curves for Specimen BT-4, Cycle Sets 1-6
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Figure D.8. Load-Displacement Curves for Specimen BT-4, Cycle Sets 7-11
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Figure D.9. Load-Displacement Curves for Specimen BP-5, Cycle Sets 1-6
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Figure D.10. Load-Displacement Curves for Specimen BP-5, Cycle Sets 7-12
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Figure D.11. Load-Displacement Curves for Specimen BT-6, Cycle Sets 1-6
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Figure D.12. Load-Displacement Curves for Specimen BT-6, Cycle Sets 7-12
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Figure D.13. Load-Displacement Curves for Specimen BT-7, Cycle Sets 1-6
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Figure D.14. Load-Displacement Curves for Specimen BT-7, Cycle Sets 7-12
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Figure D.15. Load-Displacement Curves for Specimen DM-1, Cycle Sets 1-6
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Figure D.16. Load-Displacement Curves for Specimen DM-1, Cycle Sets 7-12
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Figure D.17. Load-Displacement Curves for Specimen DL-2, Cycle Sets 1-6

264



Cycle set 7 Cycle set 8

30 40

20 30

10 20
10 1

10
-o 0

-J-10-10 -1"

-20 -, -20

-30 -30

-5 0 5 10 -10 -5 0 5 10
Displacement, mm Displacement mm

Cycle set 9 Cycle set 1040 ,40

30
20 20

10 z 10

o 0--1 -10
-20 -20

-30 -30

-40 -40

-10 -5 0 5 10 -10 -5 0 5 10
Displacement, mm Displacement mm

Cycle set 11 Cycle set 12

40 25

30 20

20 15

10
-= 10

_j 0-J • 0,
-10 -5

-20 -10

-30 -15

-10 -5 0 5 10 15 -30 -20 -10 0 10 20
Displacement mm Displacement mm

Figure D.18. Load-Displacement Curves for Specimen DL-2, Cycle Sets 7-12
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Figure D.19. Load-Displacement Curves for Specimen DL-3, Cycle Sets 1-6
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Figure D.20. Load-Displacement Curves for Specimen DL-3, Cycle Sets 6-12
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Figure D.21. Load-Displacement Curves for Specimen DS-4, Cycle Sets 1-6
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Figure D.22. Load-Displacement Curves for Specimen DS-4, Cycle Sets 7-12
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Figure D.23. Load-Displacement Curves for Specimen DL-5, Cycle Sets 1-6
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Figure D.24. Load-Displacement Curves for Specimen DL-5, Cycle Sets 7-12
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Figure D.25. Load-Displacement Curves for Specimen DM-6, Cycle Sets 1-6
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Figure D.26. Load-Displacement Curves for Specimen DM-6, Cycle Sets 7-12
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Figure D.27. Load-Displacement Curves for Specimen DL-7, Cycle Sets 1-6
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Figure D.28. Load-Displacement Curves for Specimen DL-7, Cycle Sets 7-12
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Appendix E

Load versus Inner Displacement Plots of Hybrid Joints
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Figure E.1. Load-Displacement Curves for Specimen BP-1, Cycle Sets 1-6
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Figure E.2. Load-Displacement Curves for Specimen BP-1, Cycle Sets 7-12
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Figure E.3. Load-Displacement Curves for Specimen BT-2, Cycle Sets 1-6
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Figure E.4. Load-Displacement Curves for Specimen BT-2, Cycle Sets 7-11
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Figure E.5. Load-Displacement Curves for Specimen BP-3, Cycle Sets 1-6
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Figure E.6. Load-Displacement Curves for Specimen BP-3, Cycle Sets 7-12
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Figure E.7. Load-Displacement Curves for Specimen BT-4, Cycle Sets 1-6

282



Cycle set 7 Cycle set 8

20 20

15 15

10 10
•5 5 ,

6 •d 0 -..-..-...........

0 0-J -_9-5

-5 .- 10

-10 -15

-15 -20

-4 -2 0 2 4 -4 -2 0 2 4
Displacement, mm Displacement, mm

Cycle set 9 Cycle set 10
15• 205•20 ,25

115
10 10

z 5
S0 -d 0

0 -5 0 -5

-10 -10
-15

-15 -20

-20 -25
-8 -4 -2 0 2 4 -10 -5 0 5

Displacement, mm Displacement. mM

25 Cycle set 11

20

15

10

"0
M 0

- -5

-10

-15
-20

-10 -5 0 5
Displacement, mm

Figure E.8. Load-Displacement Curves for Specimen BT-4, Cycle Sets 7-11
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Figure E.9. Load-Displacement Curves for Specimen BP-5, Cycle Sets 1-6

284



Cycle set 7 Cycle set 8
20 , 20

15 "15

10 •10

,0. 0
-5 7-5

-10 J-10

-15 -15

-1 0 1 2 3 -2 -1 0 1 2 3
Displacement, rnm Displacement, mm

Cycle set 9 Cycle set 10
25 25
20 20

15 15

10 10

5 50

0

-j
5  -J5

-10 -10
-15 -15
-20 -20

-2 -1 0 1 2 3 -2 0 2 4
Displacement, MM Displacement, MM

30Cycle set 11 30Cycle set 12

25 2
20 20

15 1
~10 - 10

-6 5 -
"o 0 0
_j

, 5
-10 -10
-15 -15
-20 -20

-2 0 2 4 6 -2 0 2 4 6
Displacement, mm Displacement, mm

Figure E.10. Load-Displacement Curves for Specimen BP-5, Cycle Sets 7-12
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Figure E.11. Load-Displacement Curves for Specimen BT-6, Cycle Sets 1-6
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Figure E.13. Load-Displacement Curves for Specimen BT-7, Cycle Sets 1-6
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Figure E.14. Load-Displacement Curves for Specimen BT-7, Cycle Sets 7-12
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Figure E.15. Load-Displacement Curves for Specimen DM-1, Cycle Sets 1-6
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Figure E.16. Load-Displacement Curves for Specimen DM-1, Cycle Sets 7-12
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Figure E.17. Load-Displacement Curves for Specimen DL-2, Cycle Sets 1-6
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Figure E.18. Load-Displacement Curves for Specimen DL-2, Cycle Sets 7-12
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Figure E.19. Load-Displacement Curves for Specimen DL-3, Cycle Sets 1-6
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Figure E.20. Load-Displacement Curves for Specimen DL-3, Cycle Sets 6-12
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Figure E.21. Load-Displacement Curves for Specimen DS-4, Cycle Sets 1-6
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Figure E.22. Load-Displacement Curves for Specimen DS-4, Cycle Sets 7-12
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Figure E.23. Load-Displacement Curves for Specimen DL-5, Cycle Sets 1-6
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Figure E.24. Load-Displacement Curves for Specimen DL-5, Cycle Sets 7-12
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Figure E.25. Load-Displacement Curves for Specimen DM-6, Cycle Sets 1-6
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Figure E.26. Load-Displacement Curves for Specimen DM-6, Cycle Sets 7-12
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Figure E.27. Load-Displacement Curves for Specimen DL-7, Cycle Sets 1-6

302



Cycle set 7 Cycle set 8
201, 20

151 15
10 10

-0 0
a -5 -5
0

"-j 1 0  J -10

-15 -15

-20 1 -20

-25 -25
-10 -5 0 5 10 -10 -5 0 5 10

Displacement, mm Displacement, mm

Cycle set 9 Cycle set 1015 ,15

10 10

5 5

0 -0
-55 m

-10 -10

-15 -15

-20 -20
-10 -5 0 5 10 -10 -5 0 5 10 15

Displacement mm Displacement, mm

Figure E.28. Load-Displacement Curves for Specimen DL-7, Cycle Sets 7-12
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Appendix F

Load versus Strain Plots of Hybrid Joints
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Figure F.1. Load-Strain Curves for Specimen BP-1, Cycle Sets 1-6
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Figure F.2. Load-Strain Curves for Specimen BP-1, Cycle Sets 7-12
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Figure F.3. Load-Strain Curves for Specimen BT-2, Cycle Sets 1-6
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Figure F.4. Load-Strain Curves for Specimen BT-2, Cycle Sets 7-11
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Figure F.5. Load-Strain Curves for Specimen BP-3, Cycle Sets 1-6
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Figure F.6. Load-Strain Curves for Specimen BP-3, Cycle Sets 7-12
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Figure F.7. Load-Strain Curves for Specimen BT-4, Cycle Sets 1-6
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Figure F.8. Load-Strain Curves for Specimen BT-4, Cycle Sets 7-12
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Figure F.10. Load-Strain Curves for Specimen BP-5, Cycle Sets 7-12
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318



Cycle set 7 Cycle set 820 ,25

15 20 SGI SGS
10 SGI SG5 15

5 10

10

S-5 M
"-10 0

-10 -101
-15 -15
-20 1 -20

-25- -25
-15000 -10000 -5000 0 5000 10000 15000 -15000 -10000 -5000 0 5000 10000 15000

Strain, ps Strain, us

Cycle set 9 Cycle set 10
30 30

SG1 SGS20 SG1 SG5 20

10 1

06 -0 0 -r ' -r~
o 0
* -10 -'-10

-20 -20

-30 -30
-15000-10000-5000 0 5000 10000 1-1500 0 -10000 -5000 0 5000 10000 15000

Strain, us Strain, ps

Cycle set 11 Cycle set 12
30 30

SG1 25 SG. SGS
20 20

S10 15
"-10 -510

-60 00 5----

-15 -

-30 -20
-15000 -10000 -5000 0 5000 10000 15000 -15000 -10000 -5000 0 5000 10000

Strain, us Strain, us
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Figure F.24. Load-Strain Curves for Specimen DL-5, Cycle Sets 7-12
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Figure F.26. Load-Strain Curves for Specimen DM-6, Cycle Sets 7-12
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Figure F.27. Load-Strain Curves for Specimen DL-7, Cycle Sets 1-6
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Figure F.28. Load-Strain Curves for Specimen DL-7, Cycle Sets 7-12
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Appendix G

Assembly of Stiffened Panels and Doubler Plates onto the Hydrostatic

Test Tank

Appendix G.1. Phase 1: Sealing of the Steel Flange/Composite Panel
Interfaces

1. Using jacks, raise the desired panel off the steel I-beam, with enough clearance to

clean the surfaces and apply the sealant, as shown in Figure G. 1.

Figure G.1. Small Panel Suspended off the Hydrostatic Test Tank

2. Using aerosol parts cleaner, thoroughly clean the bottom surfaces of the panels, where

they will interface with the steel flanges (Figure G.2).

3. Clean the top surfaces of the steel flanges, with aerosol parts cleaner (Figure G.2).
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Figure G.2. Steel I-beam and Small Panel Interfaces

4. Apply the silicone sealant to the upper surface of the steel flanges, where it will

interface with the bottom surface of the panels, as shown in Figure G.3. Two beads of

sealant along the depth of the steel beam are recommended, to insure a uniform and

continuous seal along the interfaces.

Ut eads

Figure G.3. Application of Silicon Sealant at I-beam/Panel Interfaces
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5. Lower the panel into place, making sure that all holes align correctly. Installing bolts

at the corners of the panel will enable proper and quicker alignment.

6. Once the panels have been aligned, install bolts at every other hole, on both rows.

Figure G.4 shows the alignment and installation of the small panels onto the steel I-beam

members.

7. Apply a small torque (beyond finger-tight) to the bolts, to achieve an even seal

between interfaces. Begin with the corner bolt; then torque the bolts on alternating edges;

of the panel.

Small Panels

Steel I-beams

Figure G.4. Alignment and Installation of Small Panels onto Steel I-Beams

8. Remove any excess sealant from bolt holes, steel I-beam surfaces, and panel surfaces

(the tack-free time for a typical RTV silicone sealant is approximately 30 minutes.)

9. Clamp the outer edges of the panel to the I-beam member, as shown in Figure G.5.
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Figure G.5. Clamped Outer Edge of the Composite Panel to the Steel I-Beam

10. Allow sealant to cure overnight. Preliminary sealant tests showed that, for bolted

joint applications, the sealant will require a longer cure time than that shown in the

specifications. Figure G.6 shows the cured silicone sealant at the composite/steel

interface.

Figure G.6. Small Panel with Cured Silicone Seal along the Composite/Steel
Interface
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11. Repeat steps 1 through 10 for panels 2, 3 and 4. [Note: the interfaces between panels

1 and 2 and the steel I-beam were sealed on the same day (07-18-04) and allowed to cure

for over 48 hours. The large panels (3 and 4) were sealed at a later date (07-25-04)].

12. Fill the seams between the edges of the panels with silicone sealant and smooth-flush

with panels. Begin at the center of the panel, working the silicone gel outwardly, as

shown in Figure G.7.

Figure G.7. Application of the Silicone Sealant at the Panel Seams

13. Allow the sealant to cure for a period of at least 48 hours.
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Appendix G.2. Phase 2: Sealing of the Composite/Doubler Interfaces
and Installation of the Doubler Plates

1. Align the doubler centerpiece with the four inner comers of the composite panels and

install bolts to insure a proper fit, as shown in Figure G.8.

Figure G.8. Alignment of Doubler Centerpiece and Composite Panels

2. Remove bolts and doubler centerpiece.

3. Thoroughly clean all surfaces of the panels and surfaces of the doubler plates, with

parts cleaner.

4. Apply the silicone sealant to the top surfaces of the panel assembly that will interface

with the doubler centerpiece (see pattern shown in Figure G.9).
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Figure G.9. Application of the Silicone Sealant to the Top Surfaces of the Composite
Panels

5. Set doubler centerpiece on top of the composite panel corners, making sure that all

holes align properly.

6. Install all bolts, without applying any torque.

7. Spray all bolts with anti-seize lubricant and install washers and nuts.

8. Apply a finger-tight torque to all bolts.

9. Apply 50 percent of the specified torque (25 ft-lb) using the torque pattern shown in

Figure G. 10. Begin with the bolts at the center of the doubler centerpiece and then move

to the outside bolts.

10. Using the same torque pattern, apply 100 percent of the specified torque to the bolts.
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Figure G.10. Bolt Torque Pattern Used for Installation of the Doubler Centerpiece

11. Align the doubler plate with the edges of the composite panels and install corner

bolts, to insure a proper fit.

12. Remove bolts and doubler plate.

13. Thoroughly clean all surfaces of the panels and surfaces of the doubler plates, using

parts cleaner.

14. Apply the silicone sealant to the top surfaces of the panel assembly that will interface

with the doubler plates, shown in Figure G.11. Using four beads of sealant is

recommended for a proper sealant distribution at the interfaces.
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IFAR

Figure G.11. Application of Silicone Sealant at the Composite/Doubler Interfaces

15. Set the doubler piece in place, installing two comer bolts, to insure proper alignment,

as shown in Figure G.12.

Figure G.12. Application of Silicone Sealant at the Composite/Doubler Interfaces
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16. Install all bolts.

17. Spray all bolts with anti-seize lubricant and install washers and nuts.

18. Apply a finger-tight torque.

19. Starting with the bolts closest to the doubler centerpiece, apply 50 percent of the

specified torque (25 ft-lb). Apply torque to the remaining bolts, working towards the

outside edge, in the direction of the arrows shown in Figure G. 13.

Figure G.13. Torque Direction for Installation of Doubler Plates

20. Using the same torque pattern in Figure G.13, apply 100 percent of the specified

torque to the bolts. Clamp the outer edges of the doubler (towards the tank boundary) to

achieve a uniform clamping pressure along the length of the doubler plate.

21. Repeat steps 11 through 20 for the remaining doubler plates, D23, D34, and D41.

The assembled panel and doubler plate arrangement, after it sealing at the interfaces and

after all bolts have been torqued to specifications, is shown in Figure G. 14.

341



Figure G.14. Wet Side of Hybrid Panel Assembly after Sealing and Installation of
the Doubler Plates
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Appendix H

Load versus Displacement Plots of Stiffened Panels
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Figure H.I. Load versus Displacement Curves for P01 at 82.74 kPa
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Figure H.2. Load versus Displacement Curves for P01 at 124 kPa
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Figure H.3. Load versus Displacement Curves for P0I at 248 kPa
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Figure H.4. Load versus Displacement Curves for P03 at 82.74 kPa
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Figure H.5. Load versus Displacement Curves for P03 at 124 kPa
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Figure H.6. Load versus Displacement Curves for P03 at 248 kPa
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