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Abstract 
During construction of large sandwich structures one of or perhaps the greatest difficulty lies in 

creating good joints. The joint is often the first component to fail and constitute a large part of the 

weight of the structure and production workload. The study is focused on investigating if novel 

joining methods could affect how military vessels are able to handle an internal blast without 

catastrophic damage to the sections surrounding the area of the explosion. If the conventional 

method of joining sandwich panels was to be used the result of an internal blast would most 

probably be a complete failure of the surrounding joints. This is based on that the conventional X-

joints lacks continuous fibers through the joint in at least one direction and are therefore weak when 
subjected to tensile forces in that direction. The belief is that a joint with continuous fibers would 

have a smaller risk of failure or at least the failure would be less severe than with the conventional 

joints and could therefore maintain its structural integrity until reparations can be made.  

 

The purpose of this study is to manufacture small scale samples of novel X-joint design concepts. 

These concepts are then compared by manufacturability, tensile strength in either direction of the 

joint and the joints flexibility. How well the promising novel concepts handle an internal blast cannot 

be seen in this study, since full scale samples and advanced blast trials would be required. 

 

Six novel methods for joining of composite sandwich panels and a reference conventional joint, 
referred to as the standard joint, were manufactured and evaluated through three tensile tests. Out 

of the six concepts, all except the 3D-woven joint was found to have advantages over the standard 

type, which only surpassed the novel joints in the aspect of bulkhead strength, and the lath and the 

bundle joint concepts were found to be the most promising. The tensile strength tests gave that the 

ultimate strength of lath joint was 86% of the reference value in its deck direction and at least 75% 

in the bulkhead direction when reinforced with laths (49% unreinforced), where the reference value 

(100%) was the ultimate strength of the standard joint bulkhead. The tensile test results for the 

bundle joint, which did not have a reinforced bulkhead, reached 77% and 66% (deck respectively 

bulkhead) of the reference strength value. These results supports the theory that the circular holes 

of the bundle concept has less impact on the strength of the bulkhead than the rectangular holes of 
the lath concept. The fiber bundles, however, are difficult and time consuming to work with, 

especially since the fiber bundles needs to be flattened and spread out to increase the area of 

attachment when adhered to the sandwich panels. In contrast, the lath pieces are easy to 

manufacture and work with during the final assembly and therefore more suitable to use when 

reinforcement of the bulkhead is required. 

 

The joint flexibility test indicated that the most flexible joint was, as might be expected, the tapered 

finger joint. If the tapered panel could be designed to counteract or avoid delamination of the 

tapering area and if the panels of the joint could be prevented from bending to the point fracture of 

the single skin laminates, this concept could be a suitable solution for confining a blast in terms of 
rapidly developing membrane forces. The lath and the bundle joints were once again the strongest 

and reacted very similar. Unfortunately no difference could be found between the two joint 

concepts because the hinges used to attach the samples in the test broke before the samples were 

broken. 

 

Since the fiber properties and amounts were not compared it is not definite that either of the lath or 

the bundle concept is better than the other in terms of mechanical properties. The conclusion is that 

both these two concepts work, are relatively easy to produce and have a far greater potential than 

that of the standard joint, in the internal blast situation and as a joining method in general. 
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Introduction 
During construction of large sandwich structures one of or perhaps the greatest difficulty lies in 

creating good joints. The joint is often the first component to fail and constitute a large part of the 

weight of the structure and production workload. The standard T-joint consists of two sandwich 

plates, one vertical and one horizontal, attached to each other in a formation that creates a T-shape, 

consequently the name of the joint. It should perhaps be mentioned that this is not the typical 
arrangement of deck/bulkhead placement; normally the deck levels are continuous while the 

bulkheads are placed between the deck levels. The attachment consists of a filler material between 

the plates and a so called over-laminate which is bonded to both plates, see Figure 1a. The laminate 

thickness of the over-laminate is often equal to that of the sandwich face laminates. An X-joint could 

be described as two T-joints on opposite sides of a bulkhead in an X-shape (as shown in Figure 1b). 

The strength in tensile loading in the horizontal direction (also denominated as deck direction 

throughout this paper) can be estimated to 1/10:th [1] of the strength in the vertical direction 

(bulkhead direction). By reducing the weight and increasing the strength of the joints the sandwich 

concept could become a more competitive structural solution. 

 

  
 

 

 

This study is focused on naval applications as this is where composite T- and X-joints mainly can be 

found, but the explored methods could just as well be applied to any sandwich structure containing 

T- or X-joints. The purpose of this study is to manufacture small scale samples of novel X-joint design 

concepts. These concepts are then compared by manufacturability, tensile strength in either 

direction of the joint and the joints flexibility. 

Figure 1, a) The conventional design of a T-joint. b) The conventional design of an 

X-joint (with the continuous-bulkhead-arrangement used in this study). 
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Figure 3, Simple drawings illustrating joint geometries. a) A basic sandwich T-joint. b) A DK-

CND1 T-joint as described by E.A. Diler et al. [3] and H. Toftegaard et al. [4]. c) A π T-joint as 
described by L. Zhao et al. [5]. 

Figure 2, a) Blast in a space with conventional joints. b) Blast in a space where the joints 

have continuous fibers through both directions of the joint. 

Background 
The background to the study is the current developments of new military vessels made out of mainly 

fiber composite material. An existing issue is how these vessels should be able to handle an internal 

blast without catastrophic damage to the sections surrounding the area of the explosion. Perhaps 

the greatest difficulty to prevent this issue from being handled today concerns the joints between 

the decks and the bulkheads. If the conventional method of joining sandwich panels was to be used, 

the result of an internal blast would most probably be a complete failure of the surrounding joints, 

illustrated in Figure 2a. This is based on that the conventional X-joints lacks continuous fibers in the 

deck-plane and are therefore weak when subjected to tensile forces in the horizontal direction. If 
instead a joint with continuous fibers in the deck direction as well as in the bulkhead direction was 

used, the risk of failure would be smaller or at least the failure would be less severe than in the 

previous situation, see illustration in Figure 2b. The joint could therefore maintain its structural 

integrity until reparations could be made. The study is foremost focused on finding a joining method 

where the tensile strength in the horizontal direction is increased while still keeping the tensile 

strength in the vertical direction close to its original value. How well the promising novel joints could 

handle an internal blast cannot be seen in this study, since full scale samples and advanced blast 

trials would be required. 

 

  
 
 

 

Other important factors to consider concerning the choice of joining method are the cost of the 

work effort to produce the joints as well as the weight the joint constitute. Reduction of any of these 

would be another incentive for the production of fiber-composite ships. According to Kildegaard [2], 

the weight of standard T-joints can constitute up to 10% of the structural weight for a typical 50 

meter long composite sandwich ship.  

Existing Sandwich Joint Designs 

Extensive research can be found in the subject of sandwich T-joints, but mainly focused on 

optimizing the standard concept by either filler material radius or over-laminate thickness. A few 

examples of the joint geometries previously studied (see references [3], [4], [5]) are illustrated in 

Figure 3. 
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Novel Sandwich Joint Designs 

A great range of new ideas for joint designs were presented in the onset of this study. The ideas 

originate from cooperation between companies and institutes in the ship-building and composite 

manufacturing industry. Only a small part of these ideas will be briefly presented below. The chosen 

ideas will also be explained in detail later in this paper. A common thought in all of these ideas was 

that the loads had to be able to be carried through the joint in both the vertical and the horizontal 

direction, which meant that the intact continuous plate had to be manipulated. 

Slotted Panel Sandwich Joints, Finger Joints 

The first method of this manipulation was to simply cut holes in the continuous plate and shape the 

discontinuous plate to fit in these holes. This is presented below in Figure 4a, b, by the Slotted Panel 

Joint concept by QinetiQ and the Finger Joint concept, Figure 4c, d. 

 

  [6]   [1] 

 

Tapered Finger Joint 

The Tapered Finger Joint is a version of the previous method. The difference is that the core part of 

the sandwich plates in this concept are tapered down to a single laminate before the joint as seen in 

Figure 5, which has been redrawn from reference [1]. The idea is that this joint would be flexible and 

could therefore quickly develop membrane forces in the bulkhead and deck in the event of a blast. 

 

 [1] 

 
 

  

Figure 4, a, b) Slotted Panel Sandwich Joint concept. c, d) One version of the Finger Joint 

Figure 5, Tapered Finger Joint concept. 
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Joints of Fiber Bundles or Laths 

This third category is also a version of the Finger Joint concept but here the shape of the deck 

sandwich plates are untouched and instead bundles of fibers or lath-shaped composite pieces are 

threaded through the bulkhead and bonded to the deck plates on either side of the bulkhead, see 

Figure 6. 

 

 [1]   [1] 
 

3D-woven Preform Joint, Jig-Saw Joint 

The final category consists of the 3D-woven Joint concept, which is based on the method of weaving 
three dimensional preforms, currently only in the beginning of its development, and the Jig-Saw 

joint concept by Kockums. The belief is that a 3D-woven joint could be the perfect joint for a 

sandwich structure if done well. A 3D-woven joint could either be of a single- or a dual cross type 

shown in Figure 7a, b. The Jig-Saw Joint idea could almost be described as a 3D-woven dual cross. 

The idea is that a flat single laminate plate can be cut into four identical “Jig-Saw” like pieces which 

are placed in one another to create a structure resembling that of the 3D-woven dual cross 

illustrated in Figure 7b, see Figure 7c.  

 

 [1]  
 

 

Chosen Sandwich Joint Designs 

The following concepts were the ones chosen to be manufactured and further investigated: 
 

• Bundle Joint 

• Lath Joint 

• Tapered Finger Joint 

• 3D-woven (dual cross) Joint 

• Standard Joint (to be used as a reference) 

Figure 6, a) Fiber Bundle Joint concept by SSPA. b, c) Lath Joint concept. 

Figure 7, a) 3D-woven single cross. b) 3D-woven dual cross. c) Jig-Saw Joint concept. 
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Manufacturing 
The manufacturing is divided into three sections. The first section present the different materials 

used during the whole manufacturing process and their purposes. The second section describes how 

the main component in all of the joining methods, the basic sandwich panel, is manufactured, while 

the third section describes each joining concept and in detail how the sandwich panels were 

attached together to form the different joints. 

Materials 

The sandwich panels used in this study consist of a core, PVC-foam plate (Divinycell H100), with a 

thickness of 10 mm. The face sheets of the sandwich comprise of one layer of the glass fiber fabric 

(Saertex [0/90] NCF) on either side of the core, see Figure 8a. A vinyl ester resin (Reichhold Dion 

9500) applied to the faces and the core through vacuum infusion act as a matrix for the face sheet 

composite while attaching the faces to the core. An adhesive, Araldite, was used to attach the parts 

of the different joining concepts to the sandwich panels and during the test sample preparation. 

Below the materials unique for each joining method are presented. These materials were chosen 
foremost according to accessibility and secondly after resemblance to the SAERTEX glass fiber fabric. 

 

• The materials used for the standard joining method were the same as in the sandwich panel. 

The dry over-laminate fabric was the Saertex glass fiber fabric, infused with Dion 9500 vinyl 

ester resin and the filler material was the Divinycell H100 PVC-foam.  

• The fiber strands used for the fiber bundles consisted of standard glass fibers. 

• The lath pieces were made by infusing a UD glass fiber fabric, AMT Devold L900 880 g/m2, 
with Dion 9500 vinyl ester. 

• The 3D-woven preform was made out of carbon fiber and was woven at KTH.  

Manufacturing of Sandwich Panels 

Manufacturing of all the sandwich panels used in this project was done by vacuum infusion. The 

basic sandwich panel ([0/90] Core [90/0], see Figure 8a) was laid-up on a lamination table with a 

layer of peel-ply on either side of the panel to prevent the distribution weave from attaching to the 

faces of the sandwich during the vacuum infusion. A double layer of distribution weave on either 

side of the panel was used to improve the flow of the resin over and under the plate. Spiral tubes 

placed along the lengths of the plates acted as inlet and outlet for the resin. Finally a large sheet of 

plastic folded over the lay-up and sealed by tacky tape along the edges was used as the vacuum bag, 

see Figure 8b. Once the panels were infused, curing of the resin was done at room temperature for 

circa 12 hours, after which post-curing was done at 60°C for another 24 hours prior to further 

processing. The sandwich panel was then cut into smaller pieces. The basic sandwich panel was used 
in the standard joint as a continuous (bulkhead) panel in the standard joint and as deck panels in the 

standard, bundle, lath and 3D-woven joint. Manufacturing of the bulkhead plates for the bundle and 

lath joints as well as the plates for the tapered joint will be explained in the following section during 

the description of each respective joint. 

 

   
 

 
Figure 8, a) Fiber lay-up on the sandwich plates. b) Vacuum infusion of a sandwich plate. 
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Joint Manufacturing 

Standard Joint 

A simple version of the conventional joint with fillers and over-

laminates was made to have a reference for the results from the 

novel joints. The standard joint in this study, see Figure 9, 

consisted of the bulkhead plate and two deck plates attached 

together using triangular core pieces placed in the joint to act as 

fillers and dry over-laminate fabric pieces which were adhered 
using vacuum infusion. 

 

Once the sandwich plate was infused, cured (room temperature, 

12 hours) and post cured (in 60°C for 24+ hours) pieces for the 

deck and bulkhead was cut. Core pieces of the same length as the sandwich plate and with a 

triangular cross section (right-angled and isosceles with circa 10 mm sides) were cut to be used as 

the filler material between the deck, the bulkhead and the over-laminate. The bulkhead and the 

deck pieces were clamped and glued at the edges to maintain its shape after which the triangular 

fillet pieces and the dry reinforcement pieces for the over lamination was placed and held in place 

with the help of some cotton sewing thread, Figure 10. 
 

  
 

 

 

When applying the peel-ply and the distribution weave great care was taken to make sure a good 
amount of excess weave material was available to ensure that the layers would not be stretched and 

ultimately that the vacuum bag would be in direct contact with the sandwich plates and the joint 

once the whole package was placed under vacuum pressure, see Figure 11a, b. If the vacuum bag 

cannot achieve a good contact to the part being manufactured after pressure has been applied an 

unwanted void between the part and bag will appear into which the resin will flow uninhibitedly 

during the infusion. This void will then be the cause of a matrix accumulation which in this case 

would result in a non-constant joint diameter and could also lead to air voids in the matrix in the 

joint resulting in a poor attachment between the over-laminate reinforcement and the panels. 

 

  
 

Figure 9, Standard Joint. 

Figure 10, a) The sandwich pieces for the Standard Joint being kept in place by glue and 

clamps at the edges. b) Placement of the dry over-laminate over the fillet material. 

Figure 11, a) The over-laminate being kept in place by the cotton thread while the joint is 

covered in peel-ply. b) The Standard Joint with inlet and outlet tubes attached and covered in 

peel-ply and distribution weave. 
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The tubing was placed at the edges of the flanges. Two inlets, spiral tubes attached along the left 

and right flange, and two outlets, spiral tubes attached along the top and the bottom flange (see 

Figure 12a), were used. As mentioned above an important issue to consider during the bagging to 

get a good result is to make sure the vacuum bag can be in close contact with the component 

everywhere once the pressure is applied. Figure 12b displays the bag after vacuum pressure was 
applied. If studied closely the dry reinforcement weave of the over-laminate can be distinguished as 

a lighter blue area. After the vacuum infusion and the curing of the vinyl ester, the component was 

post cured at 60°C for more than 24 hours before testing. 

 

  
 

 

 

The final component is shown from two different angles in Figure 13a,b. The black lines visible on 

the laminate in both pictures are the cotton threads used to hold the over-laminates in place as 

mentioned earlier. 
 

  
 

 

Figure 12, a) Inlet and outlet tube placement. b) The Standard Joint in vacuum bag with 

pressure applied. 

Figure 13, a) The finished Standard Joint. b) Close-up view of the Standard Joint from the side. 
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Bundle Joint 

The basic idea behind the “Bundle Joint” concept (see Figure 14) is to 

be able to achieve continuous fibers in the joint in the deck direction 
while doing as little damage as possible to the laminates in the 

bulkhead. Fibers in the deck direction are collected in bundles and 

thread through small holes in the bulkhead in order to achieve 

continuous fibers through the joint in both directions. This should 

result in a slightly reduced strength in the bulkhead direction but 

with greatly increased strength in the deck direction. 

 

The holes through the bulkhead could be done while manufacturing 

the sandwich plates by e.g. drilling hole in the core piece and leaving 

the holes uncovered by fibers and instead reinforcing the parts 
between the holes. A cheaper option would be to drill the holes in post manufacturing of the 

sandwich plate, for less critical components. In this project a version of the former method was 

tried. 

 

The core plate piece intended for the bulkhead was prepared before infusion by drilling two rows of 

2.4 mm diameter holes with a distance of 10 mm. The holes were then inserted with pieces of a wax 

covered paper (the type normally used on tacky tape rolls to separate the layers from each other, 

see Figure 15a) rolled-up on small wooden sticks to get the right diameter. Any type of plug could be 

used as long as it can be easily removed post infusion and not ruin the curing process; this was the 

only option available at the time that gave acceptable results. The purpose of the plugs is partly to 
prevent the resin from filling up the holes and partly to prevent the fibers from covering the holes 

during the vacuum infusion process. The lay-up of the fiber fabric was done by threading the plugs in 

between the fiber bundles in the [0/90] glass fiber fabric (see Figure 15b) to make sure the fibers 

were kept in place and evenly distributed between the holes. Extra care had to be taken to damage 

the fibers as little as possible during this process. 

 

  
 

 

 

Figure 14, Bundle Joint. 

Figure 15, a) Tacky-tape-paper plugs in holes for the fiber bundles. b) The fibers being 

separated around the holes by the paper cylinders. 
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The plates could now be prepared for the vacuum infusion. A layer of peel-ply was placed on either 

side of the plate, with an extra amount of fabric around the area of the holes to make sure the 

vacuum bag could get as close as possible everywhere. The plate was then bagged in the same way 

as described in the previous method and finally infused with the vinyl ester resin, see Figure 16a-c. 

After curing and post-curing the plate was de-molded and ground down around the holes to even 
the surface and remove excess matrix. The result can be seen in Figure 16d; the holes are of fairly 

even size and regular interval. 

 

    
 

 

 

 

The fiber bundles to be threaded through the holes in the bulkhead were each made by taking two 

pieces of glass fiber strands of the same length as the width of the bulkhead plate and tightly 
wounding the two pieces together with a piece of adhesive tape at one of the ends, see Figure 17a. 

Fiber bundles were then cut off in the middle of the taped part which results in an end part of the 

bundle resembling that of a shoe lace, which could be used to easily thread the bundle through the 

holes in the bulkhead plate. Once threaded through the hole the adhesive tape piece was cut and 

the fiber bundles spread out, flattened and adhered to the surface of the deck pieces on either side 

of the bulkhead with Araldite, see Figure 17b, c. The joint was set to cure at room temperature for 

24 hours and post cure for 24 hours at 60°C before the joint was cut into test samples. 

 

   
 

 

 

 

 

Figure 16, a, b) The plate with the holes for the fiber bundles being bagged. c, d) The same 

plate after infusion and after the bag has been removed and the plugs and the excess 

material in and around the holes have been removed. 

Figure 17, a) Fiber bundle taped together to be simpler to thread through the holes. 

b) Several fiber bundles thread through the holes in the bulkhead and placed on the 

deck plate, prior to attachment. c) The fiber bundles after being spread out and glued 

to the deck using Araldite. 
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Lath Joint 

The idea behind the lath joint is basically the same as for the 

bundle joint, but slightly simplified. Instead of round holes, 
rectangular-shaped holes are made in the bulkhead sandwich 

plate and instead of fiber bundles, premade composite lath 

shaped pieces are used to transfer the forces from one side of 

the bulkhead to the other, see Figure 18. These differences 

should lead to a weaker bulkhead compared to the previous 

concept since the damage on the fibers in the bulkhead faces 

will be greater because of the increased width of the holes, 

however since the premade lath pieces are easier to work with 

the increased hole size can be countered by reinforcing the 

bulkhead with lath pieces in between the laths in the deck 
direction. 

 

The holes for the lath pieces were done in much the same way as for the bundle joint. The holes 

were first drilled in the same way as the previous case to get test samples of equal and comparable 

sizes. A rectangular tool was then used to punch out the material between the drilled holes and 

create the rectangular holes, see Figure 19a. Small pieces of tacky tape were then rolled up in the 

same wax covered paper as before and placed in holes, again to keep the fibers and matrix from 

covering up or filling the holes, see Figure 19b. After lay-up of the fibers a layer of peel-ply and 

distribution weave was placed at either side of the plate after which the plate was bagged and 

infused, see Figure 19c, d. 
 

    
 

 

 

 
The lath pieces were made by infusing a flat, single layer of a UD glass fiber and then cutting it to the 

shape seen in Figure 20a. The narrow part has a width of about 10 mm (same as the rectangular 

holes) while the wide end is twice as wide. The purpose of a wide part and a narrow part instead of a 

long narrow lath is to increase the area for the adhesive to adhere to the sandwich plate. The deck 

pieces were adhered and clamped to the bulkhead between the two lines of rectangular holes, after 

which the lath pieces were glued and placed through the holes and attached at either side of the 

deck pieces. The joint was then set to cure and post cure. The results can be seen in Figure 20b. 

 

  
 

Figure 18, Lath Joint. 

Figure 19, a) The rectangular holes being made with a tool made by a thin piece of metal. b) Four views of how 

the fibers in the glass fiber fabric were lead around the holes and plugs, two close-up views and two views 

displaying a larger part of the plate. c, d) The bulkhead plate prepared for resin infusion and during infusion. 

Figure 20, a) A lath piece. b) The finished Lath Joint. 
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Lath Joint with Lath Reinforced Bulkhead 

An alternative version of the lath joint where the bulkhead was 

reinforced by composite lath pieces, see Figure 21, was also made. 
The purpose was to see how well the lath reinforcement of the 

bulkhead would increase the strength of the lath joint bulkhead. 

The only difference between the manufacturing of this version and 

the previous was that lath pieces were attached to the bulkhead 

panel in between the holes. The laths for the deck were then 

placed through the holes and attached to the deck pieces as 

described in the previous section. Interestingly the shape of this 

alternative lath joint resembles that of the “Jig-Saw” joint concept, 

previously seen in Figure 7c. 

Tapered Finger Joint 

As mentioned previously the purpose of this study is to evaluate a 

set of novel sandwich joint ideas where the aim is to find a joining 

method that could possibly surpass the conventional method and 
ultimately be able to withstand a blast from inside a closed space. 

A concern that came up during joint selection was that a sandwich 

joint would perhaps be too rigid to be able to react quickly and 

bend the fibers, which would then absorb the loads from the blast, 

and instead the fibers would just be torn off transversely. A way to 

come by this could be to create a more flexible joint where the 

sandwich core is tapered down to a single laminate through the 

joint and then widen back to the original sandwich thickness as can 

be seen in Figure 22. A row of holes in the bulkhead similar to those in the Lath Joint concept 

enables the “fingers” from the deck plates to transfer loads from one side of the bulkhead to the 
other. 

 

A layer of the glass fiber fabric to be used as the sandwich face sheet and single laminate material 

was laid upon a lamination table. Cut and tapered core pieces were then placed and taped in place 

at the edges, see Figure 23a, b. The row of holes in the parts intended to become the bulkhead 

plates were made by separating the fibers using cotton thread, see the right part of Figure 23b. The 

left part of Figure 23b is to be a deck piece, where the gap between the core pieces is wider as it will 

be cut in half to cut out the load transferring “fingers”. 

 

  
 
 

 

Figure 23, a, b) Lay-up of the bottom layer and the core pieces for the plate 

to be cut into the deck and bulkhead pieces for the Tapered Finger Joint. 

Figure 21, Lath Joint. 

Figure 22, Tapered Finger Joint. 



15 

 

Once all the core pieces are placed and all the holes are made a second layer of the glass fiber fabric 

was placed ontop of the previous and all the core pieces. Care was taken to make sure the fabric lay 

in close contact to all surfaces below before the holes were made in the second fiber fabric layer, 

these new holes were then tied together with the previously made holes, see Figure 24a,b. 

 

  
 

 

 

 

The plate was then bagged, vacuum infused and cured in the same way as before, see Figure 25a. 

The matrix covering the holes was removed and the deck piece was cut in two. The holes in the 

bulkhead were then used to mark the width of each finger on the deck pieces and after which the 

fingers were cut to fit the holes, see Figure 25b-d. Final result is shown in Figure 25e, f. 

 

    
 

   
 

 

 

 

Figure 24, a) View of the lay-up of the plate for the Tapered Finger Joint with 

the upper layer placed on top of the bottom layer and the core pieces. b) 

Close-up view on the holes in the bulkhead piece of the plate. 

Figure 25, a) Resin infusion of the single-laminate/tapered/sandwich plate. b) Removal of excess matrix 

covering the holes. c)  Measuring of the deck plate finger width and length. d) A deck plate with fingers 

placed through the holes of the bulkhead. e, f) Both deck pieces placed in the bulkhead and glued together. 
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3D-Woven Joint 

3D-weaving technology is still in the researching stage but if it 

would be possible to perform well, cheaper and for larger 
structures it could evolve into the ultimate joining method for 

composite sandwich solutions. The 3D-weave joint concept is 

therefore a work in progress but basically consists of weaving 

threads (in this case made of carbon fibers) in three dimensions 

(instead of the usual two) into a profile. In this study a dual-cross 

shaped preform was evaluated, see Figure 26, the preform used 

can be seen in Figure 27a. The preform available for this study 

was made out of carbon fiber and was woven at the department 

of Light Weight Structures at KTH. 

 
In all joint types the core had a thickness of 10 mm, except for the 3D-woven joint where the core 

plates had to be ground down to circa 9 mm thickness in order for the sandwich (core plus two fiber 

reinforcement layers) to fit in between the flanges of the 3D-woven preform which had a gap of 10 

mm, see Figure 27b. 

 

   
 

 

 

The 3D-weave sample was attached to the sandwich plates by vacuum infusion of both the weave 

and the plates. A square piece of core material with the side width of 10 mm was placed in the 

middle of the 3D-weave profile to fill the space that would have been hollow otherwise. The plates 

were then inserted between the flanges and then fixed at the edges to keep the shape, see Figure 

27a, b. When the shape was fixed, all sides were covered with peel-ply and distribution weaves, with 

plenty of excess material so the vacuum plastic was not hindered and could apply a good and even 

pressure at the 3D-woven piece, see Figure 27c. The inlet and outlet tubes were placed in the same 
way as in the Standard Joint case above, seen in Figure 12a. Finally the whole thing was bagged (with 

plenty of excess plastic) after which the resin infused, cured and post cured in the same way as 

previously, see Figure 27d, e. 

 

      
 
 

 

 

Figure 26, 3D-woven Joint. 

Figure 28, a, b) The joint pieces being placed together. c) The 3D-Woven Joint being 

draped with plenty of peel-ply. d, e) The 3D-Woven Joint being bagged and vacuum 

infused with resin. 

Figure 27, a) The 3D-woven dual cross preform with a core piece placed through the 

middle. b) Distance between the flanges of the 3D-woven dual cross preform. 
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Evaluation 
The aim of the evaluation is to try to find if any of the novel concepts are better than the standard 

joining method as well as to find how the novel joints perform when compared to each other in 

terms of tensile strength and flexibility. Below the chosen evaluation procedures are presented 

followed by the test sample preparations and a description of the testing procedures used.  

Load Cases 

The load cases chosen was a tensile test to measure the strength of the bulkhead, see Figure 29a, a 

tensile test to measure the strength of the deck to bulkhead attachment, see Figure 29b, and finally 

a joint separation test where the loads are applied at the end of one of the deck plate and at the end 

of the bulkhead by placing the as seen in Figure 29c. The force is initially applied at a 45-degree 

angle to the deck/bulkhead, but this angle gradually decreases as the angle between the bulkhead 

and the deck, initially 90-degrees, increases.  

 

   
 

 

 

Test preparations 

The tests were done at two separate occasions. At the first occasion all test samples, of all different 

concepts, were cut in roughly the same width, 51-53 mm (except the 3D-weave sample, 25 mm). A 

second batch of tests was done at a later time with test samples of roughly half the width of the first 

batch to get supplementary result data. Only one 3D-weave test sample was made due to small 
available amounts of 3D-woven preform material. 

 

The samples were prepared for the test rig by cutting and removing a piece of the core at the ends 

of the samples while leaving the faces intact. A piece of wood or plywood was then glued using 

Araldite and placed in the void of the removed core, see Figure 30a. Several different materials were 

tried to protect the samples from being damaged by the grip jaw with varying results. The samples 

to be used in the joint separation test were prepared by attaching a pair of hinges at the ends of the 

sample using a nail and Araldite, see Figure 30b. The hinges were attached so the hinge-axis of 

rotation was 105 mm from the middle of the sample to get comparable results. 

 

  
 

Figure 29, a) Loading in the bulkhead direction. b) Loading in the deck direction. 

c) Illustration of the joint separation loading. 

Figure 30, a) The core material at the ends of the sample is replaced by a denser 

material that can handle the compression applied by the test grip jaws better than the 

PVC foam core. b) Hinges attached at the sample ends for the joint separation test.  
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Testing 

The tensile testing was done using an Instron 556x machine, see Figure 31a, with a 30kN load cell 

and position movement speed of 1 mm/min. The joint separation tests were done using the same 

machine but with a position movement speed of 20 mm/min. Two different grip jaw types were 

used; a static grip jaw which could hold any of the samples but loses its grip when the sample 

elongates and becomes thinner, and a mechanical wedge grip jaw, with a jaw gap of 11 mm (see 

Figure 31a, b). The samples thicker than 11 mm, which were of the lath and bundle type, could 
therefore not be fixed in the mechanical wedge grip jaw. 

 

  
 

 

Figure 31, a) Instron 556x during a tensile test of a lath sample with static grip jaws. 

b) A joint separation test of a bundle sample with mechanical wedge grip jaws. 
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Results 
The results from the tensile tests are presented below. Representative bulkhead and deck sample 

test results are presented as graphs in Figure 32a, b, and all ultimate strength values in Table 1. All 

the results from the joint separation tests are presented in a graph in Figure 33 and in a set of 

pictures displaying the different joint sample types being separated in Figures 34. In all graphs the 

sample values have been divided by their individual widths and thereafter multiplied by 50 to 

represent sample pieces with the width of 50 mm in order to be comparable. 

Results from tensile tests of the bulkhead and deck samples 

When comparing the bulkhead sample results the standard type, with an untouched bulkhead, was 

found to be the strongest, red in the graphs in Figure 32. The bundle type (green) was found to be 

slightly stronger than the lath type (blue), but the second version of the lath type (teal), where the 

bulkhead was reinforced with laths in-between the laths in the deck direction, the strength was 

found comparable with that of the unmodified bulkhead. The tapered type (black) broke in two 

stages, first through a delamination of the tapered section, at roughly half the load of the critical 
load for the standard type, and thereafter failure of the fibers soon after, see Figure 32a. The 3D-

weave preform type (purple) was found to be the weakest. All test results are presented in Table 1 

and more detailed graphs from all test results are available in the Appendix. 

 

Among the deck samples the standard type was found to instead be the weakest together with the 

3D-woven preform. Strongest was the lath type and close behind was the bundle type. The tapered 

deck results were fairly similar to those of the tapered bulkhead. See Figure 32b. 

 

Lath 

 

Bundle 

 

Standard 

 

Tapered 

 

Lath rf. bulkh. 

 
 

3D-woven 

 
 

  
 

 

 

 

 

Figure 32, a) Diagram of tensile testing of the bulkhead samples. b) Diagram of the 

tensile testing of the deck samples. 
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Joint Type Direction 

 

Critical 

Load (kN) 

Sample Width (mm)  

(Amount of Fingers 

/Laths/Bundles ) 

Force/ 

Width 

(N/mm) 

Mean 

Force/Width 

value (N/mm) 

Standard 

 

Deck 8.0 

4.2 

53 

28 

150 

150 

150 

Bulkhead 25.0 

10.0 
>20.5* 

>19.0* 

25.6 

>12.3* 

>10.0* 

53 

22 
51 

51 

52 

28 

27 

471 

465 
>400 (-) 

>372 (-) 

492 

>439 (-) 

>370 (-) 

476 

Bundle 

 

Deck 18.5 

19.1 

18.0 

9.3 

51 (5 bundles) 

51 (5 bundles) 

51 (5 bundles) 

24 (2+½ bundles) 

362 

374 

353 

387 

369 

Bulkhead 15.3 

16.4 

7.8 

51 (5 bundles) 

51 (5 bundles) 

24 (2+½ bundles) 

300 

321 

325 

315 

Lath 

 

Deck 24.0 

12.4 

20.7 
10.6 

51 (2+½ laths) 

30 (1+¼ laths) 

31 (2 laths)** 
30 (1 lath)** 

470 

413 

667 (-) 
353 

412 

Bulkhead 15.0 
5.7 

53 (2+½ laths) 
30 (1+¾ laths)** 

284 
190 

237 

Lath rf. bulkh. 

 

Deck Assumed to be the same as for the original lath deck. 

Bulkhead >18.3* 
 

51 (2+½ laths) >358 >358 

3D-woven 

 

Both (same) 3.3 25 132 132 

Tapered 

 

Deck 10.8 

11.3 
6.5 

6.4 

52 (2+½ fingers) 

52 (2+½ fingers) 
28 (1+¼ fingers) 

29 (1 finger) 

207 

216 
232 

220 

219 

Bulkhead 11.7 

12.4 

4.8 

6.7 

51 (2+½ fingers) 

51 (2+½ fingers) 

24 (1 finger) 

27 (1 finger) 

231 

245 

200 

248 

231 

*: The test sample broke at the clamp attachment, indicating that the sample was stronger than shown by the 

result. 

**: In the lath case, amount of laths/holes has a larger impact on the result than the width of the sample. 

(-): This value differs significantly from the other results (therefore not used in the mean value calculations.) 

Table 1, Results from the tensile tests of the bulkhead and deck samples. 
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Results from the joint separation testing 

The results from the joint separation test are displayed in Figure 33. The standard type (red) was 

found to be the stiffest but also noticeably weaker than the other types tested. The tapered (black) 

version was the most flexible type as hoped when designed, however the tapered samples together 

with the standard samples were weaker than the steel hinges used in the test and could therefore 

be broken, see last picture frame in Figure 34a, b. The lath (blue) and the bundle (green) types were 

again very similar; both were fairly flexible, as seen in both the graph and Figure 34c and Figure 34d, 
and stronger than 1kN, which was the ultimate strength value for the hinges, which unfortunately 

means that a difference in strength between these two types could not be distinguished.  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lath 

 

 

Standard 

 
 

Bundle 

 

 

Tapered 

 

Figure 34, Sets of frames from separation tests with: a) Standard joint, 

b) Tapered finger joint, c) Lath joint and d) Bundle joint. 

Figure 33, Diagram of the joint separation tests. 
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Discussion 
A comparison of the results from tensile tests in the deck and bulkhead direction is displayed below 

in Table 2. The mean force per width value for each type and direction is divided by the mean value 

of the standard bulkhead (the unmodified sandwich panel) test result, which gives a ratio that 

indicates which method was the strongest in the tests. According to these values, displayed in 

rightmost column of Table 2, the joints with the highest ultimate strength seen over both the 

directions were the lath joint type with lath reinforced bulkhead closely followed by the bundle joint.  

 

 
 

Joint Type 

 

               

Direction 

        

Mean Force/Width 

value (N/mm) 

 Percent (%) 

(the mean values divided by the 

standard bulkhead mean value, 

476 (N/mm))  

Standard Deck 150 31 

Bulkhead 476 100 (reference value) 

Bundle Deck 369 77 

Bulkhead 315 66 

Lath Deck 412 86 

Bulkhead 237 49 

Lath rf. bulkhead Bulkhead >358 >75 

3D-woven preform Both (same) 132 27 

Tapered Deck 219 46 

Bulkhead 231 48 

Standard 

 

Bundle 

 

Lath 

 

Lath rf. bulkh. 

 

3D-woven 

 

Tapered 

 
 

Lath and Bundle Joint 

From a manufacturing point of view the greatest difficulty with both these joining methods involves 

the process of creating sandwich panels with holes without having to cut the continuous fibers in 

sandwich face laminates. However, the results from the tensile testing in the deck direction of both 

the lath and the bundle type indicates that both the composite lath pieces and the fiber bundles 

were able to transfer the loads from one deck panel, through the bulkhead, to the other panel. This 

indicates that it does not matter if the sandwich face sheets are damaged during cutting or drilling of 
holes as long as the areas in between these holes are reinforced with a sufficient amount of fibers 

that are continuous through the joint. Until premade fiber fabrics with holes already woven into the 

fabric exist, simply cutting or drilling the holes in the panel and then reinforcing it with composite 

lath pieces or fiber bundles is probably the most sensible method. 

Table 2, The tensile test results are compared by using the reference value from the standard type. 
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When compared to each other there are aspects that favor one over the other for both the lath and 

bundle joint. The bundle joint does less impact on the bulkhead since the fiber bundles allow the use 

round holes, which require a lesser width to contain the same amount of fibers as a flat hole, 

required for a lath piece. The fiber bundles are however difficult and time consuming to work with, 

especially since the fiber bundles needs to be spread out to increase the area of attachment when 
adhered to the deck panels. In contrast, the lath pieces are easy to manufacture and work with 

during the final assembly.  

 

It can be argued that the reinforced lath version should be stronger than indicated by the table 

because it broke at the attachment to the clamps. The reinforcement laths were of the same 

material and width as those used to attach the deck panels to each other in the unreinforced lath 

joint. The strength of the bulkhead ought to be at least equivalent to that of the deck since the 

bulkhead contains continuous fibers in the sandwich laminates in between the holes as well as the 

laths.  

 
A great advantage of both the bundle and the lath joining method compared to the standard joint, 

apart from that there are continuous fibers through the joint, is that any fiber material can be used 

in the laths or bundles. Another advantage is the possibility of being able to tailor the joint, by the 

variables of fiber material choice and size and amount of the holes in the bulkhead versus 

reinforcement between the holes, depending on where the strength is most important. 

Tapered Finger Joint and 3D-Woven Joint 

The tapered finger joint was the only joint type that did not break at the joining between the deck 

and bulkhead. The tapered joint broke in two stages; first through delamination of the fiber laminate 

and the sandwich core in the tapered part the panel and secondly through fiber failure of the 

delaminated laminate.  

 

The 3D-woven preform joint showed results similar to those of the standard joint in the deck 

direction indicating that the 3D-weaving technology still has a way to go before it can be of any real 

use. The probable reason for the weak results is that the 3D-woven preform tested in this study had 

a very low amount of fibers in the direction of the flanges (from left to right and up and down when 
looking at the joint cross-section) and instead a larger amount of fibers along the width of the joint 

(into the cross-section). There are 3D-woven preforms with other configurations, where the amount 

of fibers in the directions useful for the joint is greater, but these were not available for this study. 

As mentioned previously the 3D-woven joint has a great potential but will require further research 

into the process of 3D-weaving. 

Joint Separation Test 

The results from the joint separation test (seen in Figure 33 and 34) show that out of the tested 

joints the standard joint (red) was the stiffest, and the weakest. The main factor influencing the 

stiffness in the standard joint comes from the over-laminate while the weakness is due to the lack of 

continuous fibers through the joint in the deck direction. The most flexible joint was, as might be 

expected, the tapered finger joint (black). The fibers were damaged by being greatly bent at the 

joining, after which the joint broke from the tensile load. If the tapered panel can be modified to 

counteract or avoid the delamination of the tapering area and if the panels of the joint can be 

prevented from bending to the point fracture of the single skin laminates, this concept could 
become a suitable solution for confining a blast in terms of rapidly developing membrane forces. 
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The lath (blue) and the bundle (green) joints were once again the strongest and very similar. 

Unfortunately no difference could be found between these two joint types. As previously 

mentioned, the hinges used in the test broke at 1kN, before the samples were broken. An important 

note is that none of the novel joint types require an over-laminate as the standard type does. If an 

over-laminate is added all of the novel joints will become stiffer, and perhaps also slightly stiffer. 
However, the point of not having any over-laminate is that a more flexible joint can react to the blast 

more rapidly and develop membrane forces before the joint fails. Also, if the over-laminates can be 

excluded, the weight of the joint could be reduced.  

Errors 

There are a couple of issues to be addressed which have possibly affected the results and should 
therefore be highlighted. One of the major issues concerns the comparability between the different 

fiber-materials used in the joints. Since no ultimate strength value has be found for the fiber 

components (bundle fiber strands, lath UD fabric and sandwich face laminate) used in this study and 

since all were a form of glass fiber, an assumption that the reinforcement materials are of an 

equivalent strength has been made. It is also not known how large the difference in the amount of 

fibers there is between the joint types since the fiber amount was not measured, through e.g. 

weighing, and compared. How large of an impact the fiber material and the amount of fibers had 

compared to the joint structure is therefore unknown. Also, since the weight of the joint samples 

were not measured, it is not known whether the novel joints are actually lighter in weight than the 

standard joint, which would have been valuable information to know. In a sense, an accurate 
comparison between the bundle joint and the lath joint from the tensile ultimate strength results 

could not be made in this study. The main factor contributing to the tensile strength of the joint is 

the fiber material in fiber bundles and lath pieces respectively and it is not known if these were 

identical or of equal amounts enough for comparison. If the same material and equal amount of 

fibers were used to transfer the loads through the bulkhead the results would (most likely) have 

been very similar for these two joint types, since the configuration of the concepts are so similar. 

 

Issues that possibly had some effect on the results are the possibility of voids in the matrix of the 

standard type joint, see Figure 35 below. The need to use of two different grip jaws during the 

tensile testing, since some samples were too thick to fit the usual grip jaw, definitely affected the 
results, partly through samples being ruined during manual fastening or samples slipping from the 

grasp of the grip jaws. The separation tests were probably affected by hinges that were not perfectly 

aligned, which could be the reason for the odd behavior of the blue and green lines in Figure 33. 

Finally, from the results seen in Table 2, the relationship between the strength of the deck and 

bulkhead of the standard joint, 1/3:rd, differs greatly from the estimated 1/10:th value given in the 

introduction. The cause is probably the thin face layer of the sandwich in this study. If the same joint 

was to be made in a larger size with several layers of fiber reinforcement in the face layer, the 

strength of the bulkhead would increase greatly while the strength of the deck would increase 

relatively little, only due to an increased area of attachment of the adhesive, resulting in a value 

closer to the estimated 1/10:th. 
 

 
Figure 35, Voids in the filler material below the 

over-laminate in a standard sample. 
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Conclusions 
Six novel methods for joining of composite sandwich panels have been manufactured and evaluated 

through different tensile tests. Out of these six, all except the 3D-woven joint was found to have at 

least one advantage over the standard type, which only surpassed the novel types in the aspect of 

bulkhead strength. Out of the remaining joints the lath and the bundle joint concepts were found to 

be the most promising from the evaluation. Tensile tests gave that the ultimate strength mean value 

for lath joint was 86% of the reference value in its deck direction and at least 75% in the bulkhead 

direction when reinforced with laths (49% unreinforced), where the reference value (100%) was the 

ultimate strength of the standard joint bulkhead. The bundle joint mean values reached 77% and 
66% of the reference strength for the deck and the bulkhead respectively. These results supports the 

theory that the circular holes of the bundle concept has less impact on the strength of the bulkhead 

than the rectangular holes of the lath concept. The fiber bundles, however, are difficult and time 

consuming to work with, especially since the fiber bundles needs to be flattened and spread out to 

increase the area of attachment when adhered to the sandwich panels. In contrast, the lath pieces 

are easy to manufacture and work with during the final assembly and therefore more suitable to use 

if reinforcement of the bulkhead is required.  

 

The joint flexibility test indicated that the tapered finger joint concept, if modified, could be a 

suitable solution for confining a blast in terms of rapidly developing membrane forces. The lath and 
the bundle joints were the strongest and reacted very similar.  

 

Since the fiber amounts and properties were not and cannot be compared it is not guaranteed that 

the lath concept is better or worse than the bundle concept. The conclusion is that both these two 

joining methods work, they are possible to produce and have a far greater potential than that of the 

standard joint, in the internal blast situation and as a joining method in general. This study shows 

that composite sandwich joints with continuous fibers through the joint can be made by making 

holes through a sandwich panel as long as the damaged fibers are strengthened by an sufficient 

amount of reinforcing fibers, by means of for example composite laths or fiber bundles, which 

placed between the holes act as an extra layer of continuous fibers and help to transfer the loads 
through the joint. 
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Future Work 
Since these novel joints have proven to have a good potential further research will have to be done 

in larger scale to for example examine if these joints are possible to produce and how much it would 

cost. Calculations can also be done to optimize the size, width and/or frequency of the holes and 

laths/bundles, followed by further trials such as blast tests, weight comparisons and perhaps further 

study of tapered sandwich and single layer joints. 

 

These joints can perhaps be further developed through new methods of fiber-fabric weaving, where 

the fabric sheet with holes and/or reinforced areas incorporated, or core material manufacturing, 
where perhaps fiber-reinforcement could be placed in the mold in which the core foam material is 

then manufactured, like rebar in concrete, to increase the strength of the fingers the continuous 

plate as illustrated with a bulkhead plate in Figure 36. 
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