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Abstract 
Surface support is an areal support, which is installed on rock excavation surface to prevent 

bulking of rock mass and retain loose rock fragments. Welded wire mesh is one type of surface 

support. Literature study indicates that there is a wide range of testing methods on mesh. Dif-

ferent setups regarding mesh configuration, installation, and load applying system are used to 

evaluate its load-bearing, deformation, and energy absorption capacities. Loads are applied in 

different ways to simulate both static and dynamic loading conditions. However, there is not 

any standardized testing method. 

 

Common configuration of a welded mesh sheet in LKAB´s underground mines has the dimen-

sion of 2.3 m × 2.5 m and is made of 5.5 mm (in diameter) wires welded with a square grid 

pattern of 75 mm × 75 mm spacing. It is installed with a square bolt pattern with a bolt spacing 

of 1.0 m × 1.0 m particularly in seismically active areas. Comprehensive field damage investi-

gations at LKAB’s Kiirunavaara mine have shown localized failure of mesh, i.e., the mesh was 

cut or torn by rock blocks as a result of a seismic event. This is especially common along the 

mesh overlap where mesh sheets are joined together. However, the performance of welded 

mesh used at the LKAB’s mines and its performance along mesh overlap is not well understood. 

 

Laboratory tests of LKAB´s welded wire mesh were conducted at the Mining and Civil Engi-

neering Lab at Luleå University of Technology. A test frame was built to test the mesh under 

static conditions after literature review. Mesh sheets with reduced dimension of 1.2 m x 1.2 m 

were mounted at the corner by four bolts on the frame and tested with different loading condi-

tions in test series AA. In test series AB/AD, two mesh sheets with overlap were tested and the 

load was applied at the overlap between two bolts. For the base case in series AA, a rupture 

load of 41.4 kN was registered at a displacement of 0.44 m using the loading plate with the size 

of 0.07 m2 when the load was applied at the center of the whole mesh sheet. The highest rupture 

load, 60.7 kN at 0.26 m displacement, was reached when the size of the loading plate was 

increased from 0.07 m2 to 0.5 m2. Load-carrying capacity (by using rupture load) obtained for 

test series AA was in the range of 32.4 - 60.7 kN with a displacement range of 0.26 - 0.44 m, 

considering varied loading plate material and size of the loading plate. In test series AB/AD 

where focus was placed on the overlap, the load-carrying capacity was in the range of 28.9 – 

47.5 kN at a displacement range of 0.19 – 0.22 m. A single mesh tested with this loading con-

figuration gave the lowest rupture load, 28.9 kN at a displacement of 0.19 m. The load-carrying 

capacity of two mesh sheets with three grids overlap was increased to 47.5 kN at a displacement 

of 0.22 m. Stiffness of the tested mesh also increased with an overlap. There is nearly no dif-

ference in load-carrying capacity when the loading mode has changed from pulling to pushing. 

Reducing the number of grids at the overlap to one grid decreased the load-carrying capacity 

of the mesh significantly, and the overlap seemed to become open quickly as the load was 

applied on it.  

 

Two failure modes were observed for the mesh tests: tensile failure of the wires and failure at 

the heat affected zone (HAZ). Failure at HAZ is caused by weakening of the wires at the weld-

ing points. In test series AA, failure at the HAZ was observed in all tests near a faceplate. In 

test series AB/AD, both tensile failure and failure at HAZ were observed. They were observed 

close to either a faceplate or the loading plate.  
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To conclude test series AA, there is a problem with the redistribution of load and failure always 

occurs at the welding points close to faceplates. Roof mesh with wider wires at the face plates 

and high energy absorbent mesh have shown good results regarding handling these described 

problems, therefore these could be tested with LKAB´s bolting pattern and mesh configurations. 

In test series AB/AD, the observed problem is that the load concentrates on the closest bolts, 

therefore the load should be redistributed to bolts next to the loaded area. Seismic mesh, straps 

and improved bolting pattern can help with that, and they could be tested to evaluate them 

further.  
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Sammanfattning 
Yt-förstärkning är ett element som installeras mellan andra bergförstärkningar. Yt-förstärkning 

är konstruerade och installerade för att hålla tillbaka och minska bergutfall mellan dessa andra 

förstärknings installationer. En litteraturstudie har visat att det finns en mängd olika sätt att testa 

yt-förstärkningar. Olika testuppställningar förekommer, där olika specifikationer utav yt-för-

stärkningar är varierade. Inspännings metod, last på bultar samt olika sätt att inducera last har 

en stor spridning. Detta gäller för både statiska- och dynamiska lastförhållanden.  

 

En vanlig typ utav yt-support är svetsat stålnät med en wire tjocklek på 8gagues. Dessa är ihop 

svetsade till ett rutnät med 4 in × 4 in mellan wirarna. Dessa är installerade i olika gruvor med 

antingen ett diamant- eller kvadratiskt bultmönster, förekommande avstånd mellan är 1,2 m till 

1,5 m mellan bultarna. Nät som används utav LKAB har en wire-diameter på 5,5 mm och ett 

avstånd på 75 mm × 75 mm i deras svetsade stålrutnät. Näten hos LKAB är installerade med 

ett kvadratiskt rutmönster med bultaståndet 1,0 x 1,0 m och 3 rutors överlapp. Dessa är oftast 

installerade i områden där spänningarna är höga och seismisk aktivitet är sannolik. En skade-

kartläggning orsakad av seismisk aktivitet genomfördes i LKAB´s undergjordsgruva Kiiruna-

vaara. Där framkom det att de installerade näten antingen slits sönder av stenblock eller att 

överlappen ger med sig.  

 

En utvärdering utav LKAB´s nät har gjorts genom att testa dem i laborationsmiljö på Luleå 

Tekniska universitet. En test-ram byggdes, denna bultades fast i golvet för att vara styv. Mindre 

nätbitar om 1.2 x 1.2 m blev installerade i riggen och en last applicerade mellan fyra bultar in 

testserie AA. I test seria AB/AD påfördes lasten mellan två bultar, här undersöktes överlappats 

inverkan på nät-konfigurationen. I grund testet i serie AA uppnåddes en last om 41.4 kN och 

en deformering på 0.44 m innan första brottet noterades. Högst brottlast noterade när lastpåfö-

ringsplattans area ökade från 0.07 m2 till 0.5 m2, dvs 61.7 kN med endast en förskjutning på 

0.26 m. Brottgränsområdet för testserie AA är mellan 32.4 kN – 61.7 kN där deformation är 

mellan 0.26 m -0.44 m, inom dessa områden varierades också lastpåföringsplattans material 

och lasten på bultarna som håller fast nätet. För testserie AB/AD är samma område 28.9 kN – 

47.5 kN med deformationerna 0.19 m – 0.22 m. Grund testet med ett nät där lasten appliceras 

mellan två bultar har lägst brottområde, 28.9 kN vid 0.19 m. När lasten istället appliceras på ett 

överlapp ökar brottslasten till 47.5 kN vid en deformation om 0.22 m, styvheten i konstrukt-

ionen ökar också. Det är inte noterad någon större förändring om överlappen belastas med en 

dragande eller tryckande teknik. När mängden rutor reduceras till endast en ruta, observerades 

tendensen till separation av näten vid påföring utav last. 

 

Genom hela testuppställningen har två brottorsaker noterats, drag brott i vajer och brott i närhet 

utav uppvärmda områden, svetsar. I testserie AA har endast den senare brottorsaken noterats, 

dessa förekommer uteslutande i närhet till bultbrickorna. För testserie AB/AD är båda brott-

orsakerna är noterade. De förekom både vid bultbrickorna och vid lastpåföringsplattan.  

 

Testserie AA har problem med att fördela lasten efter ett första brott har uppsåt samt att svet-

sarna i nätet är den svagaste länken. High energy mesh och Roof mesh har påvisat goda egen-

skaper att lösa dessa två problem enligt tidigare genomförda tester. Någon utav dessa kan mo-

difieras och testas med LKAB´s installationsmönster. För testserie AB/AD är de möjligt att 

härleda brott i överlappet till för hög lastkoncentration i de närmsta bultarna. En lastfördelning 
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till närliggande bultar ses som en lösning, både seismiska nät och straps har dessa egenskaper. 

Dessa kan med fördel också testas installationsmönster för att utvärdera och förstå den kom-

plexa installationen som uppstår.  
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1 Introduction 

Welded mesh is a surface support and it has been widely used in underground mines all over 

the world. Tests on welded mesh have been conducted by universities, research institutes as 

well as mining companies. Results from the tests are hard to compare due to different test setups 

and a lack of standard testing method. Additionally, it is unclear about the load-carrying capac-

ity and its deformation capacity at the mesh overlap due to lack of study. This master study is 

focused on LKAB´s welded mesh and assessing the static performance of the tested mesh with 

and without mesh overlap.  

 

1.1 Background 

Support for rock masses has been installed in both civil and mining projects for a very long 

time and records for supporting rock mass are tracked back to 1556. Records of timber installed 

in drifts and shafts at that time, but the purpose of the installations is not described further than 

“in case some portion of the body of the mountain may fall and by its bulk impede passage 

crush persons becoming in and out” (Brown, 1999). Since that time period much progress has 

been advanced in the field of supporting the rock mass. New products have been developed and 

have been presented on the market in the field of mining and civil projects. Problems in the 

later century were how to describe and categorize different installations. “New “products have 

been introduced to the market while in fact they are old technology renamed and rebranded. In 

1993, Windsor and Thompson proposed a new terminology and classification system to set this 

difference apart, and their system has been discussed for two decades (Thompson et al., 2012). 

 

Kaiser et al. (1996) states that support and reinforcement have three primary tasks to reinforce 

the rock mass by installing elements, to support and prevent the rock mass  from failing, and to 

retain loose rock after it has failed i.e. hold the loose rock (Figure 1). These three tasks are not 

necessarily met by one type of element rather than combining of different elements as a system 

of elements, which can act together as a unit.  

 
Figure 1 Primary functions of support elements (Kaiser, 1996) 

 

Nordlund (2015) describes how to improve the stability of an excavated area in rock mass by 

two principles. One principle is to install structural elements in order to support the rock mass 

(rock support). The other is to install structural elements to help the rock mass to mobilize its 

own inner strength (rock reinforcement). 

 

To retain or hold loose rock in drifts and other excavations in LKAB mines, welded mesh is 

installed. The mesh is constructed by 5.5 mm steel wires, which are welded together with a 
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spacing of 75 mm × 75 mm to form a square pattern. The dimension of the installed mesh panels 

is 2.5 m × 2.25 m. LKAB´s mesh has never been comprehensively tested and therefore no data 

is available for a breaking load. Their mesh has been compared with the mesh installed at Ca-

nadian mines. Since LKAB´s mesh has significant higher density of steel wires per area of 

meter mesh, they concluded that the 5.5 mm mesh should therefore has a higher breaking load 

(Thyni, 2014).  

 

The general installation practice of mesh at LKAB is to install the mesh orthogonally to the 

bolts. Bolts have a 1 m × 1 m orthogonal spacing pattern. Design of the overlap at LKAB is to 

install the mesh so that two or more mesh panels overlap each other by three grids, as shown in 

Figure 2. This type of installation is implemented by LKAB in both of their underground mines 

Kiirunavaara and Vitåfors (Thyni, 2014).  

 
Figure 2 General practice of installing mesh with dynamic bolts at LKAB (Thyni, 2014). 

At LKAB´s Kiirunavaara Mine, a comprehensive field investigation has been conducted on the 

seismic events causing the rock bursts between the years of 2011-2015. Over this time period 

15 seismic events occurred, causing 35 rock bursts at different locations in the mine. The report 

has mapped the damage caused on the installed rock support (Kreckula, 2017). Among these 

35 locations, 17 was there installed welded mesh. At 10 of these 17 locations the mesh has 

failed at the overlap, even the bolts were missed in these locations after the rock bursts, see 

Appendix A for more detailed information  

 

1.2 Objective 

The objective of this study is to  

• improve the understanding of the performance of LKAB’s welded mesh such as mesh 

overlap at different loading conditions, and 

• provide suggestions for mesh applications for the Kiirunavaara Mine. 

 

1.3 Scope of range  

Static tests were performed on welded mesh currently used in LKAB’s mines. The welded mesh 

is designed to work as a surface support. The bolts and their behavior are not emphasized. The 
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tests were conducted on welded mesh with 5.5 mm diameter wires which are welded orthogonal 

to each other with a spacing of 75 mm × 75 mm. Improvements and further tests are proposed 

in the end of this thesis.  

 

1.4 Methodology 

Firstly, a literature review was conducted, including studying design hand books and rock me-

chanic books. Conference articles, where mesh test results with different setups have been re-

ported, were also studied. Tests on welded mesh, which were provided by LKAB, were con-

ducted in the Mining and Civil Engineering (MCE) laboratory at Lulea University of Technol-

ogy. Welded meshes were tested with different loading scenarios in order to evaluate the effect 

of different parameters on their performance. 
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2 Literature review 

Surface support has two main functions: retaining loose rock material between rock bolts and 

distributing the load applied on the support system. Surface support uses different materials and 

therefore has different properties (Nordlund, 2015). 

 

2.1 Steel mesh types 

Mesh are made of transversal and horizontal steel wires, which are woven or welded together 

to create an aerial element that “absorbs” energy while deformation occurs. Different tech-

niques for manufacturing mesh affect its behavior as being loaded. There are three types of steel 

mesh. The most common is welded mesh, which is followed by the woven mesh and the third 

type is the expended metal mesh that is not so common (Thyni, 2014). 

 

Welded mesh composes of wires that are welded together for creating a square grid pattern 

(Figure 3). It is manufactured at different wire sizes with varying spacings between the wires 

(Thyni, 2014). Woven mesh or chain-link mesh consists of steel wires woven together to create 

an areal element (Figure 4) (Morton et al., 2009). 

 

 

 
Figure 3 Left: Welded mesh, Right, (Morton et al., 2009). 

 
Figure 4 Woven chain-link mesh, (Morton et al., 2009). 

Both these two types of meshes have changed little in the last two – three decades. Generally, 

it is due to the improvement of material properties (Player et al., 2008). Woven mesh is devel-

oped to a high tensile chain-link mesh. The biggest difference, comparing with its predecessor 

is that it is stiffer initially. It is capable of retaining the rock earlier with less deformation. De-

velopment of welded mesh has been incorporated with a lacing technique together with welded 

mesh, creating a High Energy Absorption mesh (HEA) (Figure 5). Another development of 

welded mesh is the strap mesh that two extra wires of the same diameter are added to the bound-

ary of the welded mesh, as shown in Figure 6 (Louchnikov et al., 2014). A seismic mesh, de-

scribed by Whiting (2017), means that additional wires are installed with two 6.3 mm wires 

(Figure 7). Roof mesh is another mesh development product, where the wires connected to the 

bolts have bigger diameter than the rest of the wires (Figure 8).
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Figure 5 High energy absorbent mesh, a steal-wire of 12.7 

mm in diameter is added to the welded mesh with a diam-

eter of 5.6 mm (Louchnikov et al., 2014). 

 
Figure 6 Strap mesh, 2 additional wires, same diameter as 

the actual mesh are added to the boundary of the welded 

mesh (Louchnikov et al., 2014) 

 
Figure 7 Seismic mesh, additional 5.6 mm wire at the left, 

middle and right. With two double 6.3 mm wire at top and 

bottom (Whiting, 2017). 

 
Figure 8 Roof mesh, wires at face plate have bigger diam-

eter (Shan et al., 2014).  

 

2.2 Support mechanism of mesh  

Nordlund (2015) stated that a mesh can be seen as a hammock that carries the load caused by a 

rock bulking between installed bolts. Mesh is seen as an areal support that redistribute the load 

to rock bolts anchored in the rock mass.  

 

Dolinar (2006) and Dolinar (2009) presented how forces are distributed within the welded 

mesh. The load transfers (red arrows) from the load plate in the middle to the wires connected 

to the bearing plates (black thicker lines) (Figure 9).  
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Figure 9 Load distribution from load plate out to faceplates (Dolinar, 2006). 

Heal (2010) describes how fractured rock close to the boundary of an excavation will affect the 

surface support and will transfer the load to a bolt, as shown in Figure 10. 

 
Figure 10 Schematics of how fractured rock mass are loading retaining support elements that are connected to stiff anchor. 

(Heal, 2010).  

2.3 Design principle 

Bearing capacity of the mesh depends on how the mesh behaves as exposed to a load. Bearing 

capacity can be expressed as the highest force the mesh can handle before it fails. It can also be 

expressed as how much energy the mesh can “absorb” before it fails (Kaiser et al., 1996). 

 

Kaiser et al. (1996) also presented an idea that designing goals for support can be divided into 

two cases. The first is to avoid a trigger limit for a rock burst. The other is “to maintain a 

functional and stable excavation where the failure process is controlled or survived, which is 

called survival limit.” As meshes are installed tight to the excavation boundary, it is designed 



 15 

to prevent unnecessary unraveling of fracturing rock. It falls into the second design goal for 

support in mines (Kaiser et al., 1996). 

 

Evaluation of a supports bearing capacity can be narrowed down to five important parameters:  

• Peak load capacity of the support Lp;  

• How much yield capacity the support will endure before failure Lult;  

• How big displacement will occur at the peak capacity of the support dp; 

• What the ultimate stretch displacement limit the support has at the yield limit dult. 

• Energy capacity of the support Esup 

 

These characteristic parameters can vary over a wide range depending on the rock type, how 

the support is installed, and its method as well as installation quality. These values are deter-

mined by performing tests on the actual support, as shown in Figure 11 (Kaiser et al., 1996). 

 

 
Figure 11 Characteristic key parameters to evaluate a supports capacity and performance; Load Capacity Lp; displacement at 

peak capacity dp; Load bearing capacity of the yielded support Lult; ultimate displacement capacity dult; Stiffness of the support 

Ks (Kaiser et al., 1996).  

Quantities such as load, displacement, and energy capacities must correspond in magnitude for 

each individual support system, and also for the entire system to work as a unit. Kaiser et al. 

(1996) also states that the shearing loads, stiffness, and load capacities of a system must be 

relatively close to each other to sustain an even loading mechanism. If these norms are not met, 

the weakest installation in the system will fail beforehand and will compromise the whole sup-

port system. The effectiveness of the support system can also be correlated with the quality of 

the installation process. For example, if face plates are installed incorrectly, they cannot transfer 

load from the mesh to the bolt and the whole system will not work (Heal, 2010). 

 

Kaiser et al. (1996) states that the energy demand can be expressed as energy over area. The 

general concept for any system or element is that the energy capacity of the support must be 
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higher than what the support system is exposed to take. The energy the support system requires 

to withstand can be expressed as energy demand per square meter of excavation  

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑
𝑚2⁄ =

1

2
∙ 𝑡 ∙ 𝜌 ∙ 𝑣𝑒

2 + 𝑔 ∙ 𝑡 ∙ 𝜌 ∙ 𝑑 (1) 

where t is the thickness of the failed rock; ρ is the density of the rock [kg/m3]; ve is the particle 

velocity and it is assumed to be the same as the rock ejection velocity; excavation closure or 

ejection distance has the variable d. 

 

Design criterion for the mesh can also be described as a strength factor, SF or the factor of 

safety FS (Kasier et al., 1996)  

𝑆𝐹 𝑜𝑟 𝐹𝑆 =  
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐸𝑥𝑝𝑜𝑠𝑒𝑑
 (2) 

 

Tributary area method is another method to calculate the energy requirement for a surface sup-

port. The capacity is expressed as energy per square meter, based on an assumption that a box 

with the dimensions of 1 m × 1 m multiplied with the thickness of the fractured rock acting on 

the mesh (Figure 10) (Heal, 2010). 

 

Kaiser et al. (1996) states that the stiffness of a welded mesh strongly depends on the orientation 

of the wires in the mesh, which is relative to the holding and loading points. Welded mesh is 

the stiffest when the wires are located orthogonal to the holding and loading points. In contrast, 

welded mesh is softest when the wires are orientated at 45° to its holding and loading points, as 

shown in Figure 12.  

 

 
Figure 12 Different orientation of wire relatively to holing and loading points. Left: Orthogonal wires relative to the holding 

and loading points. Right: Wires orientated at 45° relatively the holding and loading points. 

Dolinar (2006) derived the following linear expression for stiffness in welded mesh, 

𝐾𝑠 =
(𝐿𝑝−𝐿25)

(𝐷𝑝−𝐷25)
 (3) 

 

where Lp is the peak load for the mesh; L25 is the load at 25 percent of peak load; Dp is the 

displacement at peak load and D25 is the displacement at 25 percent of the peak load. The stiff-

ness, Ks is later to be used to calculate the total displacement at any point in the mesh with the 

equation 
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𝐷𝑡 = 𝐷0 +
𝐿𝑠

𝐾𝑠
 

 (4) 

before the mesh reaches peak load. D0 is the displacement offset, and Ls is the peak load. The 

parameters Dolinar (2006) used in equation (3) and (4) are presented in Figure 13.  

 

 
Figure 13 Parameters used to calculate the stiffness and deformation capacity of a mesh (Dolinar D. , 2006). 

Dolinar (2009) presented another way to evaluate the stiffness and average load capacity of 

welded mesh. Peak load is swapped to the design load, Ld and displacement at peak load is 

swapped to displacement at design load, Dd. Both displacement and load at 20 percent of design 

load are degraded to 20 percent, D20 & L20. 

 

𝐾𝑠 =
(𝐿𝑑−𝐿20)

(𝐷𝑑−𝐷20)
 (5) 

 

The average load a mesh can handle is expressed as 

 

𝐿 = (𝐾𝑠 ∙ 𝐷𝑎) + 𝐿𝑜 (6) 

 

where L is the average load the mesh can handle; Lo is the offset load, and Da is the average 

displacement, which is expressed as 

 

𝐷𝑎 =
(𝐿−𝐿𝑜)

𝐾𝑠
 (7) 

 

2.4 Testing  

There is two fundamental ways of testing mesh around the world: the dynamic method and the 

static method. Static testing means that a constant rate of displacement is applied on the support 

element per time unit and the applied displacement is kept constant as the force are logged. In 

static tests it is easy to investigate whether a support element stiffens and quantify the bearing 

capacity by evaluating the force-displacement curve. To investigate how surface support ele-

ments behave when exposed for a sudden impact of energy, dynamic tests are performed. In 
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dynamic tests in a laboratory environment, falling objects are commonly used to simulate the 

release of energy. 

2.4.1 Laboratory testing  

Thompson et al. (1999) conducted tests on welded mesh, 5.6 mm (Gauge 4#) wire diameter 

with a spacing of 100 mm (4 in), which is a common mesh configuration in the Australian 

mining industry. The test investigated how the orientation of the mesh related to the bolts effects 

the mesh, how different sizes and orientations of loaded area affects the mesh, and how the bolt 

spacing affects the mesh. It is concluded that the stiffness is correlated with the orientation of 

the mesh and the bolt distance pattern. Distance from the load plate to the bolts also affects the 

stiffness. Slippage was also noted in all tests. Slippage reduces the stiffness response in the 

mesh comparing with the scenario that mesh is completely retained. Test with a square bolting 

pattern with spacing of 1.0 m × 1.0 m with a square load plate of 0.75 m showed a failure load 

of 34 kN at a displacement of 120 mm. 

 

Tannant et al. (1997) have conducted tests on welded mesh, chain link mesh, and expanded 

metal mesh. Diamond bolting pattern with spacing of 1.2 m × 1.2 m has been used (load is 

directly transferred to the bolts) and a pre-load of 30 kN was applied to each bolt to restrain the 

mesh. It is concluded that welded mesh has larger initial stiffness compared to both chain link- 

and expanded metal mesh. It is also concluded that welded mesh is the stiffest, if the load is 

parallelly transferred to the wires, and the softest, when mesh wires are orientated at an angle 

of 45 degree to the holding and loading position (Tannant et al., 1997). In most tests it was 

observed that a mesh fails, while the load decreases. Small drops in load are registered both 

before and after failure due to slippage at the faceplates. Peak load was commonly registered 

before failure, but in some cases the load could be re-directed and a higher load could be regis-

tered after failure in a wire. Load-carrying capacity for welded mesh is roughly proportional to 

its tensile capacity of the wire. It was concluded that the load-carrying capacity falls in the range 

of 15 kN to 45 kN at a displacement range of 100 mm to 250 mm. The large variation of the 

load-carrying capacity is due to different wire sizes. Both chain link and expandable metal mesh 

can reach a displacement range of 400 mm to 600 mm and Tannant et al. (1997) argued that it 

is not practical in drifts. 

 

In a NIOSH-study conducted by Dolinar (2006), tests have been conducted on 8-gauge welded 

mesh with a wire spacing of 100 mm × 100 mm (4 in × 4 in) bolted with a spacing of 1.2 m × 

1.2 m (4-by-4 feet). This configuration is commonly used by coal mines operated in United 

States. This mesh configuration is produced within the country, nevertheless this configuration 

has never been tested (Dolinar, 2006). The test was conducted in the Mine Roof Simulator 

(MRS). In the test the face plate conditions such as size and load acting on the face plate were 

varied. Conclusion of the test was that either a higher torque applied on the nut of the bolt or a 

bigger face plate will increase the stiffness of the mesh, due to a smaller amount of slippage at 

the attachment point. 

 

Another test, conducted in the MRS, investigated the performance of welded mesh by Dolinar 

(2009). In the test wire sizes were altered. The load at bearing plate was changed with the bolt 

distance. The test also investigated different spacings between the wires in the mesh by adding 

two extra wires in the transverse direction of the mesh. It was concluded that load applied on 
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the bearing plate determined if the mesh slipped or not. However, higher load caused wire fail-

ure and a lower slippage. The bolt spacing affects the amount of mesh displacement. Wider bolt 

spacing reduces the mesh stiffness and increases the displacement at the same loading condi-

tion. Bolt spacing does not affect the load-carrying capacity of the mesh. Performance of the 

mesh is highly dependent on the wire diameter. There is a linear relationship between the wire 

cross sectional area per m2 mesh and load capacity. However, it is also affected by the load on 

the bearing plate. Adding additional wires to the mesh significantly improved the performance 

regarding the stiffness and the load capacity, but only when the mesh was not allowed to slip. 

Dolinar (2009) declares that if additional support is required, adding wires should be consid-

ered, due to a large potential in improvement of the mesh characteristics at low cost.  

 

In Western Australian School of Mines (WASM), Morton et al. (2007) have investigated how 

different restrain of the mesh affects both high tensile chain link- and welded- mesh. The welded 

mesh had a wire diameter of 5.6 mm with a wire spacing of 100 mm ×100 mm and the chain 

link mesh had a wire diameter of 4 mm. Firstly, a lacing method with a wire of 6 mm restrained 

the mesh was tested. The lace was tensioned at the end but this system did not provide fixed 

boundary along the whole mesh, as shown in Figure 14. To completely fix the mesh, another 

system was used. That is, eye nuts and D-shackles were installed within the frame and a high 

tensile bar was used to fix the mesh, as shown in Figure 15.

 

 
Figure 14 Restraining the mesh with lacing (Morton et.al, 2007). 

 

 
Figure 15 Fixing the boundary with eye nuts and D-shackles (Morton et.al, 2007).

It is clear that the boundary condition has a significant influence on the load and displacement 

of a mesh. Fixed boundary will increase the stiffness of the mesh, both for the welded and chain-
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link mesh. Welded mesh that is fixed at the boundary will reach its rupture load at a smaller 

displacement, as shown in Figure 16 (Morton et.al, 2007). 

 
Figure 16 Mesh load-displacement curves for different boundary conditions (Morton et al., 2007) 

In Western Australian School of Mine (WASM), Player et al. (2008) show that high tensile 

mesh behaves much better than welded mesh at dynamic loading, regarding load-carrying, dis-

placement and energy absorption capabilities.  

 

A test is conducted where a 5 mm welded mesh is compared with a welded mesh with 7 mm 

wires under the same loading condition. Load was applied in the center of four bolts and mesh 

was installed orthogonally to the bolt pattern. With the 7 mm wires the load-carrying capacity 

increases from 21 kN to 48 kN. Stiffness and displacement, however, did not show the same 

remarkable improvement (Shan et al., 2014). 

 

In a NIOSH study, welded mesh with 8-gauge wire with the standard spacing of 4 in x 4 creating 

screens of 8 ft × 12 ft (2.4 m × 3.6 m) has been tested with multiple loading points. Alterations 

have been made between two to six load points in different pattern. The mesh is installed or-

thogonally relative to the bolts, which is usual in mines (Batchler et al., 2018). It is concluded 

that the load spreading is dependent on the pull location relative to the bolt installation. Load-

carrying and displacement capacity are also dependent on how many wires are taking effect. 

More wires will result in higher average load-carrying capacity per load point. Higher average 

load-carrying capacity was also noted, if one of the load plates was closer to the bolts. Hence 

it’s not only the number of pull locations, but also their location relative to the bolts that affects 

the load-carrying capacity of the mesh (Batchler et al., 2018). 

 

2.4.2 Field testing 

Pakalnis and Ames (1983) performed tests on mesh in the field by pull tests. The tests have 

been very helpful in understanding the overall load-carrying capacity of mesh. But the lack of 
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control during the tests regarding pulling rate and bolt location made the data limited (Kaiser et 

al., 1996). 

 

A field test has been performed on both welded and chain-link mesh with a bolt pattern of 1.2 

m × 1.2 m in a diamond pattern, a load was applied in the middle of the diamond pattern. Figure 

17 and Figure 18 present the general load and displacement for each type of tested mesh. Gen-

erally, a peak load was followed by a load drop due to the wire failure. In some cases, wires 

broke before peak load was observed, load was redistributed to other wires which continued the 

load curve (Kaiser et al., 1996). 

 
Figure 17 Load - Displacement curves for different welded mesh (Mesh with wire spacing of 0.1 m, bolted with four bolts with 

a diamond pattern of 1.2 m) (Kaiser et al., 1996) 

 

 
Figure 18 Load - Displacement curve, #9 gauge chain-link and expanded metal mesh (Mesh bolted in a diamond pattern with 

4 bolts, 1.2 m spacing) (Kaiser et al, 1996). 

Kaiser et al. (1996) has summarized about 200 field tests on different mesh types with different 

wire size and bolt spacing, as shown in Table 1. Active mesh area between the bolts is in the 

range of 0.72 - 1.44 m2. The orientation of mesh relative to the bolts is not mentioned. 

 
Table 1 Summarized load - displacement parameters for different mesh types (Kaiser et al., 1996). 

Mesh type Lp [kN] Dp [mm] Du [mm] Ep [kJ/m2] Eu [kJ/m2] E* [kJ/m2] 

#9 gauge 

welded-wire 
12 - 18 100 - 150 125 - 175 0.5 - 1.0 1 - 4 1 

#6 gauge 

welded-wire 
24 - 28 125 - 175 150 - 225 1.5 - 2.5 4 - 6 3 

#4 gauge 

welded-wire 
34 - 42 150 - 200 175 - 250 2.5 - 4 6 - 9 5 
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#9 gauge 

chain-link 
32 - 38 400 - 450 >400 - 450 3 - 4 10 - 12 7 

Expanded 

metal 
24 - 26 500 - 650 >500 - 650 6 - 7 8 - 10 7 

 

Canadian mines showed an interest in how mesh could be joined together by using steel clips 

to minimize the usage of mesh at overlaps. Geomechanics Research Center conducted pull tests 

on mesh joined together with TyClips. TyClips is a steel rod with one hole in one end and a pin 

at the other. Using a pneumatic tool, the ends are forced together and can join mesh sheets 

together (Figure 19). Load capacity on the overlap between the mesh is depended on the se-

quence of failure, the position, and the distance between the TyClips. Sections with clips can 

sustain displacement of 0.2 m to 0.5 m or more. If TyClips is installed with a spacing of 0.4 m 

to 0.6 m, its load capacity matches the welded mesh capacity using the described installation 

method (Kaiser et al., 1996). 

 

 
Figure 19 Pull test with a 0.3 m × 0.3 m load plate on welded mesh, joined together by Tyclips (Kaiser et al., 1996). 

 

In situ mesh test has been conducted on both standard welded and seismic mesh. These were 

installed with friction bolts with square bolt pattern of either 1.1 m or 1.3 m. Load was applied 

by a plate either at the middle of the bolt pattern, as a five dice pattern or between two bolts in 

an overlap, or plate was used to apply load by pulling it through the mesh at different loading 

points. Both were tested at the overlap and in the middle of the mesh, as a five dice pattern 

(Figure 20) (Whiting, 2017). 

 

 
Figure 20 Left: load point in five dice pattern. Right: Load applied at an overlap (Whiting, 2017). 

It was concluded that both welded and seismic mesh fail successively by individual wire rup-

turing. For the five dice pattern, it failed at the load plate and close to the bolt near the load 

plate for the overlap. Tensile failure was more common than failure at the welds. For the five 

dice pattern, the failure occurred at a displacement of 200 - 400 mm and at a load of 40 kN for 
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the welded mesh and 50 kN for the seismic mesh. At the overlaps, both mesh behaved almost 

the same. Failure in wires was noted at 40 kN for both but at a displacement range of 130-155 

mm. Note: in a maximal test, a load of 90 kN at a displacement of 350 mm was noticed for the 

seismic mesh. Whiting (2017) found that it is hard to compare result from the test with earlier 

conducted laboratory test, hence they often focused on first rupture point. When the wire rup-

tured, the mesh was pushed further. Result showed that the performance of the mesh system is 

not consistent after peak load are reached, data show that the system provides functionality after 

reaching the peak load. It is also discussed that the perfect installation of mesh and bolts is hard 

to accomplish in reality (Whiting, 2017). 

 

2.5 Observations 

For the welded mesh, three different failure modes have been observed, as shown in Figure 21. 

Tensile failure of the wire is one of the failure modes, and the second failure mode is shear 

failure of the welding points. The third failure mode is located at the Heat Affected Zone (HAZ). 

HAZ failure is caused by excessive heating when the wires are welded together in the manu-

facturing process of the mesh. Failure at the weld points can be tracked to poor quality control 

and technique while manufacturing the mesh. Only one failure mechanism has been observed 

for woven mesh (chain link), namely cutting of the wires. It is ether initiated by the interaction 

of the loading plate or when wires are cutting each other (Villaescusa, Thompson, & Player, 

2013). The tensile failure of the wire is tracked to the manufacturing process of the wires (Vil-

laescusa et al., 2013). 

 
Figure 21 The three different failure mechanisms observed at Western Australian School of Mines, Left-Right, Tensile failure 

of the wire, Shear failure at welding points, failure of wire at the HAZ (Player et al., 2008). 

Heal (2010) has investigated 83 cases of rock burst in mines both in Australia and Canada. 

Among them, thirteen mines are hard rock metalliferous mines. As rock burst occurs, rock mass 

is ejected. An average quantity of rock mass was 92.4 ton and the highest reported quantity was 

9000 ton.  

 

From rockburst in Black Swan mine it is observed that mesh opens up at the overlap. A poor 

load transfer between reinforcement and surface support seems to be the cause. Smaller bolt 

distance than 1.2 m and 1.5 m was suggested to prevent the mesh to open up. Junctions mine 

have started to install straps at the overlap to keep it from opening up. In Mount Charlotte mine 

case studies between 2001 and 2005 indicated that the size of the faceplate is an important 

parameter for the mesh behaviour (Heal, 2010). 

 

These are only a small amount of all observations made by Heal (2010). Generally, it is shown, 

in these case studies, that it is important to have a good ground support system. There are record 

of where the bolts are left intact in the rock, which is unaffected as ejected material around them 
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is laying on the floor. These cases studies also demonstrate the capacity of mesh straps and 

cable bolts (Heal, 2010). 

 

Krekula (2017) has summarized and analysed rock burst that have occurred in Kiirunavaara 

between 2011 and 2015 in his master´s thesis. Damage mapping reports, investigation, seismic 

data, history, and picture has been provided by LKAB. It was concluded that the support sys-

tems are well designed, but there is room for improvement. One improvement was prioritizing 

the structural mapping of the rock mass. Another improvement could be made in the support 

system regarding stiffness, static strength and yield ability, hence the analysis showed no prob-

lem with the absorption of kinetic energy in the support system (Krekula, 2017).  

 

2.6 Numerical modeling 

FLAC3D has been used to simulate static loading on a single mesh. Models were simulated 

with the same material properties as a mesh tested in the laboratory. Numerical model was run 

until first rupture of a wire and it corresponded with the laboratory test. In numerical models, it 

is near impossible to replicate slippage. Stiffness is therefore higher in the numerical model 

compared to the real test. Thus, a significant load at face plate was impossible to prevent slip-

page in the real tests (Shan et al., 2014).  

 

Dynamic simulations have also been evaluated in FLAC3D. Result from the simulations are 

generally in agreement with the preformed reference tests. However, the numerical model does 

not represent the test condition properly and can therefore not be satisfactory. Dynamic simu-

lations have a problem replicating the dynamic impact between two different elements, bolt and 

mesh. Mesh is now simulated as rhomboidal mesh shape instead of individual wires (Roth et 

al., 2014). 

 

Morton et al. (2007) have developed models in the numerical software FARAO to simulate 

both welded and chain link mesh. Models were calibrated with earlier conducted tests and it 

can handle different test setups. 

 

2.7 Summary of literature review 

Steel mesh is common as surface support in mines around the world. North America and Aus-

tralia both have a tradition of installing welded and chain link mesh. In the last couple of years, 

modification of these have been done and the development of these two types of mesh is per-

formed better in both static and dynamic loading situations, such as HEA, seismic, and high 

tensile chain link mesh.  

 

Laboratory and field test have been performed on surface support to evaluate their load and 

displacement characteristics, both in static condition and dynamic situations. From the literature 

studies, it is simpler to compare the result from static tests and nevertheless harder for dynamic.  

It is due to the fact that there is no consistency in the test methods. Bolt pattern, face plates 

(bearing plates for bolts), load applied at these bolts, load plate size, and many other parameters 

are changed in every test. Only tests conducted by same people/organization keep their test 

method consistent.  
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Welded mesh is stiffer initially comparing with chain link mesh. This characteristic indicates 

that the welded mesh can hold bulk and ejected rock in place with smaller displacement at the 

excavation boundary. Behavior of the welded mesh depends on its grid orientation related to 

the bolt locations. It is the stiffest when installed orthogonally to a square bolt pattern where 

load can be transferred directly to its abutments. Stiffness also depends on slippage occurring 

at these abutments. Slippage is dependent on face plate size and pre-load applied during instal-

lation. In the above-mentioned region, 8 gauges welded mesh with a wire spacing of 0.1 m × 

0.1 m was used.  

 

When a mesh fails, there is notable three failure modes including tensile failure of wires, shear 

failure of the welds, and failure of the wire through the HAZ. Many authors do not specify the 

failure mode, only as mesh has failed and makes it hard to evaluate the problem within the 

surface support. From case studies, it is evident that surface support is not designed to withstand 

high loads. It was also observed that the load transfer between mesh and bolt can be improved. 

In many cases, intact rock bolts are in place in the rock but rock together with the mesh are 

laying on the floor of the excavation. 

 

Numerical models have been constructed to investigate the performance of mesh instead of 

using physical tests. Test results from earlier physical tests were used to calibrate the models. 

It seems that more improvement is needed in the numerical models to properly simulate the 

interaction between mesh and loading material and the failure mechanism of mesh wires.  

 

LKAB has conducted little tests on their mesh. Considering the problems observed on the mesh 

and particularly mesh overlap, laboratory tests are designed and conducted on single mesh sheet 

and mesh overlap using the same mesh material and bolt configuration. The details of the tests 

and results are presented in the following chapters. 
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3 Tests performed at MCE laboratory, LTU 

3.1 Method 

A series of tests was conducted at the Mining and Civil Engineering (MCE) laboratory at Luleå 

University of Technology. The tests were performed on both mesh sheet and mesh overlap. 

Load was applied with a constant rate of displacement both on the mesh sheet and an overlap. 

A loading plate was either pulled or pushed orthogonally to the mesh installation with different 

configurations of mesh setups using a telfer or a hydraulic jack respectively. Load and displace-

ment were measured during the tests. Load was both measured at the loading plate and in the 

bolts. Displacement was only measured when the load was applied at the loading plate. 

 

3.2 Materials 

The mesh sheets, from LKAB, are currently used at LKAB´s underground mines - Kiirunavaara 

and Vitåfors. The mesh is a welded mesh with a wire dimeter of 5.5 mm and a spacing of 75 

mm between wires in two orthogonal directions creating a square grid. The original dimension 

of the welded mesh sheet is 2.2 m × 2.5 m, which was cut into smaller sheets to fit in the test 

rig.  

 

3.3 Test preparation 

3.3.1 Test rig 

A stiff test rig was built by steel-beams allowing a square bolt pattern of 1.0 m × 1.0 m with a 

total of six steel rods functioning as bolts, see Figure 22. Steel rods were installed through the 

floor at the laboratory to keep the test rig fixed and stiff, see Figure 23. On top of the threaded 

rods, load cells were installed, see Figure 24. On top of the load cell another threaded rod was 

installed, see Figure 25. VKR-profiles were mounted on top of the beams and over the load 

cells to cover them, see Figure 26. On top of these VKR-profiles steel plates were installed to 

cover up the load cell and make it possible to install the mesh sheets, see Figure 27.  

 

The mesh sheet(s) was then placed on the top of the test rig. Domed face plate with a domed 

washer and nuts was applied on top of the mesh to fix it in place, similar to real-world applica-

tion by LKAB (Thyni, 2014), see Figure 28 and Figure 29. The nuts were changed to a model 

of M24 × 2.0 instead of M24 × 3.0 to be compatible with the threads of the rod in the load cells 

installed at the test rig. The load acting on the mesh from the face plate was set to 17 kN to 

represent the pre-load applied in the dynamic NMX bolts during site installation if nothing else 

is mentioned (Mekaniska, 2007). 
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Figure 22 Test rig bolted to the floor with a square bolting 

pattern of 1 × 1 m. 

Figure 23 Thetest rig is kept into place by installing steel 

rods thorough the laboratory floor. First there is a M24 × 

3.0 mm steel rod thorough the floor, then a nut allowing a 

transition to a M24 × 2.0 mm rod 

Figure 24 Load cells was installed on top of the threaded 

steel rods.  

 

 
Figure 25 Close up of a load cell with a threaded steel rod 

installed on top of it, six of these were installed. 
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Figure 26 VKR-profiles was installed to cover the six load 

cells, holes were cut to avoid damaging the wire to the load 

cells. 

 
Figure 27 Plates was put on top of the VKR-profiles and 

the bolts was numbered from 1 -6. 

 

Figure 28 Faceplate together with a domed washer. 

 

Figure 29 Installation of the mesh together with a face-

plate, domed washer and a nut. Note; mesh was installed 

symmetrical so the face plate will hold wires on all side of 

the bolt.  

 



 29 

3.3.2 Loading plate 

Square shape loading plates with the size of 0.3 m × 0.3 m have been used in other laboratory 

tests (Dolinar, 2006; Morton et al., 2007; Player et al., 2008; Dolinar, 2009; Tannant et al. 

(1997), thus the sharp edges inevitably cut the wires in the mesh during the tests. Circular load-

ing plates were therefore used through this laboratory investigation with aiming to reduce the 

risk of cutting wires with the loading plate. 

 

Concrete plates with a dimeter of 0.3 m and a thickness of 0.1 m were casted following LKAB´s 

recipe of reinforced shotcrete, see Table 2 (Thyni, 2014). A hole was drilled in the center of the 

load plate to connect the load cell which was connected to the telfer, see Figure 30. The 

thickeness of the concrete loading plate was chosen as 0.1 m as LKAB uses welded mesh on 

top of 0.1 m reinforced shotcrete in their mines as a part of their support system. For comparison 

purpose, a loading plate made of steel has also been used in the tests with similar cylindrical 

shape. The steel loading plate was 0.3 m in diameter but with a thinkess of 3 cm. A concrete 

plate with a diameter of 0.8 m, sent by LKAB to the universty, has also been used in the 

assesment. 

 

 

 
Figure 30 Casted concrete plate from LKAB´s recipe with 

the thickness of 0.1m with a drilled hole. 

 
Table 2 LKAB´s standard recipe for fiber reinforced shotcrete used in Kiirunavaara mine (Thyni, 2014). 

Material Amount of material per cubic meters [kg] 

Aggregate (0-4 mm) 1295 

Aggregate (4-9 mm) 97.75 

Water 230 

Cement 500 

Silica 20 

Water reducing admixture 2.08 

Admixture 1.92 

Steel fibers 40 

 

3.3.3 Load cells 

Two types of load cells have been used in the testing. The first one was installed in the rods to 

measure the load in the bolts and the second one was installed between the loading plate and 

telfer to measure the total pulling load. Load cells were installed in the bolts which are of the 

type UF5ton, with a load-carrying capacity of 50 kN and a measuring error of 0.1 kN. They 

were calibrated before the test start with a tensile testing machine, Dartec 600 kN, to ensure its 

accuracy and deviation, see Figure 31. 
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To measure the load applied by the loading plate on the mesh, another load cell was installed 

between the loading plate and telfer, as shown in Figure 32. This load cell is a Bofors and was 

also calibrated and checked with the same tensile testing machine.  

 

 
Figure 31 Load cells calibrated and checked in Dartec 600 

kN, servo hydraulic, capacity ± 600 kN, Displacement ± 

75 mm before the tests were run. 

 
Figure 32 Load cell installed between the load plate and 

the Telfer. Bofors, Type:KSG-3 Measuring range: 10 

MPa, Nr 417.  

 

3.3.4 Displacement measurement 

To measure the entire deformation caused by the loading plate, a Micro-Epsilon has been in-

stalled directly under the load plate when load was applied from above with the telfer, as shown 

in Figure 33. For the pushing scenario, the Micro-Epsilon was installed directly above the load 

plate and an inverse function in the data recorder was programmed. The electric distance meas-

uring device was also calibrated before the tests. 

 

 
Figure 33 Micro Epsilon used for measuring the defor-

mation in the mesh, working in both directions so it can be 

used for pushing and pulling test; Measuring range 1500 

mm, WDS 1500-P60-SR-P(01), SN 43485. 
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3.3.5 Strain gauges 

Kyowa 5 mm steel strain gauges with two rods were installed on the mesh wire to investigate 

the load transfer mechanism within the mesh, as shown in Figure 34. Dolinar (2006) has a 

theory that the load is transferred from the loading center to the boundary by the center wires 

and then to the bolts by the face plates attached to the wires, as shown in Figure 9. Therefore, 

strain gauges were installed on these points, which are shown in Figure 35 by solid blue ellipses. 

 

 
Figure 34 Kyowa 5 mm steel strain gauges was installed 

on the mesh to measure the strain in the wires. First the 

corrosion was removed and the surface smoothened so the 

strain agues could be glued on.  

 
Figure 35 Installation location of the strain gauges in test 

setup AA. 

3.3.6 Data recording 

Load cells (UF5ton), together with the Micro-Epsilon (length measurement tool) and the strain 

gauges, are all connected to a data recorder, called “Spider boxes”, for converting the signals 

from the earlier mentioned components in to the software Catman, which records the logging 

of all data. This data are them exported to Microsoft Excel.  

 

3.3.7 Loading pattern 

Earlier static tests on mesh have used different configurations to apply load on the mesh with a 

constant rate of displacement in the range of 4 - 50 mm/min (Morton et al., 2008 & Dilnar, 

2009). MCE´s telfer generated a speed of 8 mm/sec originally. This speed was reduced to half 

by installing a wire dolly between the telfer and load plate.  

 

To apply a load from beneath (pushing scenario), a manual hydraulic jack has been used with 

a displacement range of 160 mm. In order to push the mesh to failure the jack was rearranged 

as the displacement range of the jack was not sufficient.  A longer hydraulic jack is not possible 

due to the height between the floor and the mesh installed at the test rig.  
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3.4 Test schemes 

Two test schemes were performed. The first one is series AA with focusing on a single mesh 

that is loaded in the middle of four bolts (center of the mesh sheet). The second test scheme is 

to focus on how the mesh will behave when loaded between two bolts. The second test scheme 

is named as test series AB/AD. Test AB is the base case that a single mesh was tested. In test 

series AD, two smaller mesh sheets were tested with an overlap between the mesh sheets.  

 

3.4.1 Test series AA 

Test series AA is the case that a single mesh sheet with dimension 1.2 m × 1.2 m was tested. 

The load was applied at the mesh center and in the middle of four bolts following a square bolt 

pattern of 1.0 m × 1.0 m, as shown in Figure 36. The base case was tested where the load was 

applied by a concrete plate with a diameter of 0.3 m. Loading plate material was changed and 

it was noted as AAS, in which S stands for steel. Pre-load applied on the face plates during bolt 

installation was increased from 17 kN to 34 kN. The test series was noted as AAC34. Dimension 

of the loading plate was also increased to a bigger concrete loading plate with a dimeter of 0.8 

m, which was noted as AAC800. 

 

 

 
Figure 36 Test setup AA, Load was applied in the center of the panel (blue) and held to place by face plates and bolts with a 

square bolting pattern of 1.0 m ×1.0 m (green).  

 

Test series AA was modified to investigate how the mesh behaves when there is mesh overlap 

nearby. An extra 1.2 m × 1.2 m mesh sheet was installed, which was noted as AACO, as shown 

in Figure 37 (AA is the ground series, C stands for concrete loading plate, and O is designated 

for overlap). The overlap was created by overlapping three grids between two mesh sheets.  
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Figure 37 Test setup AACO, two mesh sheets of 1.2 m × 1.2 m were joined together with an overlap of three rows of grid in 

the mesh (pink). The mesh sheets were fixed by a square bolting pattern of 1.0 m × 1.0 m (green) and the load was applied in 

the center of the left mesh sheet (blue). 

All these tests are summarized in Table 3 where the number of tests and loading plate material 

are specified. For test series AA, the loading plate was always pulled from above with a telfer.  

 
Table 3 Ground series AA. 

Test setup Changed parameter   Number of tests Amount of mesh sheets 

AAC Base case, concreate loading 

plate (300 mm). 

2 2 

AAS Steel loading palate (300 mm). 2 2 

AACO Introduce an overlap, concreate 

loading plate (300 mm). 

2 4 

AAC34 Load on face plate increased 

from 17 kN to 34 kN, concrete 

loading plate (300 mm). 

2 2 

AAC800 Bigger loading plate made of 

concrete (800 mm). 

2 2 

Total amount: 10 12 

 

3.4.2 Test series AB/AD 

To investigate how the overlap behaves, test series AB/AD has been conducted. In test ABC 

one single mesh was installed with six bolts and the load was applied between two bolts and in 

the middle of the mesh sheet, see Figure 38. The square bolt pattern of 1.0 m × 1.0 m was used.  
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Figure 38 Test setup AB, a single mesh sheet with the dimensions 1.2 m × 2.2 m was bolted to the test rig with a square bolting 

pattern of 1.0 x1.0 m with six bolts (green). The load was applied in the center of the panel (blue). 

 

Test ADC consists of two mesh sheets with the dimension of 1.2 m × 1.2 m as in the base case 

series. These two sheets were installed to create an overlap of three grids in the middle, and the 

load was applied from above with a telfer, as shown in Figure 39. The same mesh layout was 

also tested by applying the load underneath the mesh sheet (i.e. pushing the mesh upward), 

which was noted as ADCP3.  

 

 

 

 
Figure 39 Test setup AD, two mesh panels of 1.2 m × 1.2 m were joined together with an overlap of three grids of the mesh 

sheet (pink). The mesh sheets were held to place by a square bolting pattern of 1.0 m × 1.0 m (green) and the load was applied 

in the center of the overlap (blue). Both ADC and ADCP3.  

The amount of grid overlap was also decreased to one wire, noted as ADCP1, as shown in 

Figure 40. In this test the pushing load also applied.  
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Figure 40 Test setup ADCP1, two mesh sheets of 1.2 m × 1.2 m were joined together with an overlap of one grid of the mesh 

sheet (pink). The mesh sheets were held to place by a square bolting pattern of 1.0 m × 1.0 m (green) and the load was applied 

in the center of the overlap (blue). 

 

Test series AB/AD are summarized in Table 4.  Test series ABC and ADC were tested with a 

pull load, while test series ADCP3 and ADCP1 were tested with a pushing load.  

 
Table 4 Summarizing of test series AB/AD.  

Test setup Changed parameter  Number of tests Amount of mesh 

sheets 

ABC Base case, one single mesh 1.2 m 

× 2.2 m. 

2 2 

ADC Three grids overlap, pull load was 

applied 

2 4 

ADCP3 Three grids overlap, push load was 

applied 

2 4 

ADCP1 One grid overlap, push load was 

applied 

2 4 

Total amount: 8 14 
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4 Results 

Results from the conducted tests are presented in this chapter. The data presented include: load 

and displacement at the loading plate for each test as well as observed failure mode and its 

location. Load measured in the bolts is, however, presented in Appendix B, due to the scatter 

of data. Documentation in forms of pictures from each test is presented in Appendix C. Result 

from the strain measurement on the mesh wire is presented in Appendix D. 

 

Tests of AAC, AAC, AACO, ABC and ADC were run to total failure of the mesh. The others 

were run to first rapture of the mesh wire. The decision was made based on two reasons. One 

reason was that the loading status was changed as rapture had occurred. The second one was 

that other authors have described the mesh behavior after first rapture as inconsistent and not 

reliable (Dolinar, 2009). 

 

4.1 Test series AA 

A square mesh sheet was tested with a load applied upward vertically at the center of the mesh 

sheet. Four bolts were used to fix the mesh on the test rig, with a 1.0 m × 1.0 m spacing. The 

base case scheme used 300 mm (in diameter) concrete loading plate and the installation load 

applied on the faceplates was 17 kN. To investigate the effect of other testing parameters on the 

results, different test setups were considered in this study. Details can be found in Table 5.  

 
Table 5 Test series AA with details of changed parameters from the base case. 

Test setup Changed parameter 

AAC  Base case  

AAS Material of the loading plate was changed to steel 

AACO Boundary condition was changed with another mesh placed at overlap 

AA34 Installation load applied on face plates was increased to 34 kN 

AAC800 Size of the loading plate was increased to 800 mm 

 

4.1.1 Test setup AAC 

a) Load – displacement curves at loading plate  

Load measured at the loading plate and the displacement measured at the mesh center for the 

test setup AAC (base case) are presented in Figure 41. The rupture load for test one, AAC1, is 

38.8 kN at a displacement of 431 mm. For the second test, AAC2, the rupture load and corre-

sponding displacement is 43.9 kN and 448 mm respectively, which are marked using red color 

in Figure 41. A mean value of these was then calculated, and is presented in Table 6. As the 

test continued, a higher load was noticed for both tests. However, the load-carrying capacity 

decreased as the displacement increased. 



 30 

 
Figure 41 Load-displacement curve at loading plate for test setup AAC. Test one is indicated in blue and test two is indicated 

in orange. The rapture location is marked red.  

Table 6 Result from test setup AA with a concrete loading plate, AAC. 

Tests 
Rupture load 

[kN] 

Displacement at rupture load 

[mm] 

AAC1 38.8 431 

AAC2 43.9 448 

AAC mean 41.4 440 

 

b) Failure modes  

In both tests in AAC, the failure occurred at HAZ is close to faceplate one, see schematic dia-

gram in Figure 42.  
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Figure 42 a) Schematic diagram of failure location marked in ellipse; b) Failure shape (Wire failed at HAZ near a face plate).  

 

4.1.2 Test setup AAS 

a) Load-displacement curves at loading plate  

The rupture load for test AAS1 is 38.5 kN at a displacement of 424 mm and 41.6 kN at a 

displacement of 445 mm for AAS2, marked with red in Figure 43. A mean value of these is 

then calculated and the results are all presented in Table 7. For AAS1 the rapture load is the 

highest registered load at that test, but that is not the case for AAS2. However, the load-carrying 

capacity also decreases with the displacement increase as in the base case.  

 

 
Figure 43 Load-displacement at loading plate for test setup AAS. Test one in blue and test two in orange. The rapture location 

is marked in red circle. 
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Table 7 Result from test setup AA with a steel plate, AAS. 

Test Setup 
Rupture load 

[kN] 

Displacement at rupture load 

[mm] 
AAS1 38.5 424 
AAS2 41.6 445 
AAS mean 40.0 434 

 

b) Failure modes in mesh  

In both tests with a steel loading palate, the observed failure mode was at the HAZ closing to a 

face plate. For AAS, however, the failure occurred at two locations, see Figure 44. 

 

 

 
Figure 44 a) Schematic diagram of failure location marked with ellipses; b) Failure shape (Wire failed at HAZ near a face 

plate).  

 

4.1.3 Test setup AACO 

a) Load-displacement curves at loading plate  

When an overlap was introduced to the test configuration whereby the load was applied between 

four bolts, the rupture loads recorded were the highest for both tests, marked in Figure 45. After 

reaching the rupture load, the load-carrying capacity of the mesh decreases with an increase of 

displacement. Rupture load for both tests and their corresponding displacement are similar, 

which are presented in Fel! Hittar inte referenskälla. together with the mean value.  
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Figure 45 Load-displacement at loading plate for test setup AACO. Test one in blue and test two in orange. Rapture load was 

marked in red. 

Table 8 Result from test setup AACO with a concrete plate 

Test Setup 
Rupture load 

[kN] 

Displacement at rupture load 

[mm] 

AACO1 41.1 429 

AACO2 40.6 454 

AACO mean 40.9 442 

 

b) Failure modes in mesh in mesh 

In these tests, the same failure mode was observed at HAZ as for the base case, and it was also 

located at similar place closing to a face palate, as shown in Figure 46. 
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Figure 46 Schematic diagram of failure location marked with an ellipse. 

 

4.1.4 Test setup AAC34 

a) Load-displacement curves at loading plate 

There was increased installation load applied on the face plates for this test setup. The measured 

rupture load for test one is 33.6 kN at a displacement of 372 mm. For the second test, rupture 

load and displacement are 31.1 kN and 352 mm respectively. As ACC34 was run to the first 

rupture of the mesh wire, they are the highest loads in Figure 47. A mean value of these are 

then calculated and are presented in Table 9. Both these tests show a lower load-carrying ca-

pacity comparing with the base case.  
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Figure 47 Load-displacement at loading plate for test setup AAC34. Test one in blue and test two in orange. 

 

Table 9 Result from test setup AAC34. 

Test Setup 
Rupture load 

[kN] 

Displacement at rupture load 

[mm] 
AAC34_1 33.6 372 
AAC34_2 31.1 352 
Mean 32.4 362 

 

b) Failure modes in mesh  

For test set up AAC34, the failure was located close to one faceplate. HAZ failure was also 

observed in this case similar with the base case, as shown in Figure 48. Note that these two 

wires were initially held underneath the face plate, and then they were deformed and moved 

under pulling load to form steel to steel contact as slippage occurred through the test. 
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Figure 48 a) Schematic diagram of failure location marked with an ellipse; b) Failure shape (Wire failed at HAZ near a face 

plate). 

 

4.1.5 Test setup AAC800 

a) Load-displacement curves at loading plate 

A bigger load plate, compared with the base case, was used. It is evident that the highest rupture 

load of 65.5 kN was obtained in AAC8001_1, see Figure 49. Its displacement together with the 

rupture load for test one and two is presented in Table 10. 

 

 
Figure 49 Load-displacement at loading plate for test setup AAC800. Test one in blue and test two in orange. 

Table 10 Result from test setup AAC800 

Test Setup Rupture load Displacement at rupture load 
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[kN] [mm] 
AAC800_1 65.5 262 
AAC800_2 55.9 249 
Mean 60.7 256 

 

b) Failure modes in mesh 

Failure in the HAZ that occurred in two wires at face plate one was found for both tests, as 

shown in Figure 50. HAZ failure shape for both tests with the relative location to the face plate 

is presented in Figure 50 

 
Figure 50 a) Schematic diagram of failure location marked with an ellipse; b) Failure shape (Wire failed at HAZ near a face 

plate). 

4.2 Test series AB/AD 

Mesh sheets with a load applied at the center and bolted with six bolts with a 1.0 m × 1.0 m 

spacing, were tested. Different parameters were examined in the tests. Table 11 summarizes 

these parameters.  

 
Table 11 Test series AB/AD, list of changed parameters from the base case. 

Test setup Changed parameter 

ABC Base case 

ADC 3 grids overlap; loading plate was pulled 

ADCP3 3 grids overlap; loading plate was pushed 

ADCP1 1 grid overlap; loading plate was pushed 

 

4.2.1 Test setup ABC 

a) Load-displacement curves at loading plate  

Rupture load for test one is 24.8 kN at a displacement of 171.0 mm. For test two, it is 32.9 kN 

and 206.6 mm. These are both marked in Figure 51. A mean value of the rupture load is pre-

sented in Table 12.  

 



 38 

 
Figure 51 Load-displacement at loading plate for test setup ABC. Test one in blue and test two in orange. Rapture was marked 

with red ellipse in the figure. 

Table 12 Result from test setup ABC with a concrete plate 

Test Setup 
Rupture load 

[kN] 

Displacement at rupture load 

[mm] 

ABC1 24.8 171 

ABC2 32.9 207 

ABC mean 28.9 189 

 

b) Failure modes in mesh  

Failure of two tests for setup ABC were both located at face plate three, as shown in Figure 52. 

As the load was directly transferred to the bolts (no. 3 and 4) by the same wires, failure was 

observed in the wires near bolt no. 3 or 4. Tensile failure was first noticed for ABC1 in one 

wire then it progressed to the three next to it as shown in Figure 53. Failure in the HAZ was 

first noticed for ABC2, then a tensile failure of the wire to the right was identified, as shown in 

Figure 54. In the ABC1 test, there was less slippage between faceplate and mesh comparing 

with that in ABC2 test. This could have an influence on the load-carrying capacity in the mesh.  
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Figure 52 Location of tensile failure for test setup ABC. 

 
Figure 53 ABC1: Tensile failure, first rupture occurred in the red marking. It was then progressed in the two to the right and 

then the left one.  

 

 
Figure 54 ABC2 Rupture in the HAZ occurred before tensile failure of the wire to the right. 
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4.2.2 Test setup ADC 

a) Load-displacement curves at loading plate  

Rupture load for test one is 45.4 kN and it is 50.4 kN for test two, marked in Figure 55. These 

occurs at a mean displacement of 215 mm (Table 13) which is close to the base case. Thus, 

experiencing failure in single wires, the mesh still withstand load as the displacement increases 

by the same amount as for the base case.  

 

 
Figure 55 Load-displacement at loading plate for test setup ADC. Test one in blue and test two in orange. Red ellipse indicates 

where first rapture occurs. 

 
Table 13 Result from test setup ADC with a concrete plate 

Test Setup 
Rupture load 

[kN] 

Displacement at rupture load 

[mm] 

ADC1 45.4 208 

ADC2 50.4 224 

ADC mean 47.9 216 

 

b) Failure modes in mesh 

In test setup ADC, failure at the HAZ was noticed in both tests. The failure occurred close to 

the loading plate in test one but near a face plate in test two, as schematically shown in Figure 

56. Photo of HAZ failure at the face plate is presented in Figure 57. Photo of HAZ failure 

closing to a face plate is presented in Figure 58. 
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Figure 56 Location of HAZ failure location in test setup ADC, ADC1 (red) at the loading plate and ADC2 (orange) at face 

plate. 

 

 
Figure 57 HAZ failure at loading plate ADC1. 

 

 
Figure 58 HAZ failure close to a face plate. 

4.2.3 Test setup ADCP3 

a) Load-displacement curves at loading plate  

Load measured at the loading plate and the displacement at the center of mesh for the test setup 

ADCP3 is presented in Figure 59. Mean rupture load for the pushing test is 42.0 kN at a dis-

placement of 218 mm, see Table 14. The result is close to that from the pulling tests which give 

a mean rupture load of 47.9 kN at a displacement of 216 mm.  
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Figure 59 Result from test setup ADCP, 3 grids overlap. Loading plate was pushed from beneath the mesh. 

 
Table 14 Result from ADCP3 test setup. The loading plate was pushed from beneath the mesh that were installed with three 

grids overlap. 

Test setup 
Rupture load 

[kN] 

Displacement at rupture load 

[mm] 

ADCP3_1 43.4 228 

ADCP3_2 40.6 208 

ADCP3 mean 42.0 218 

 

b) Failure modes in mesh  

Both tensile failure of a wire and failure located at the HAZ were noticed in the pushing test 

with an overlap, as shown in Figure 60. In test one, ADCP3_1 tensile failure occurred close to 

the face plate. Photo after the test is shown in Figure 61. In test ADCP3_2, failure was found 

to be at the HAZ and close to the loading plate, as shown in Figure 62. 
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Figure 60 Location of tensile failure for test setup ADCP3_1 (red), face plate three and ADCP3_2 (orange), close to the loading 

plate. 

 
Figure 61 Tensile failure at face plate three, ADCP3_1. 

 
Figure 62 Failure in HAZ at loading plate, ADCP3_2.

4.2.4 Test setup ADCP1 

a) Load-displacement curves at loading plate  

Reducing the overlap size to only one grid instead of three, the mean rupture load decreases to 

33.3 kN and 34.2 kN (Figure 63) at a mean displacement of 209 mm, as shown in Table 15. As 

the overlap size is decreased, the rupture load decreases, but the displacement at that point is 

close to the rupture displacement in the case of three grids overlap. 
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Figure 63 Result from test setup ADCP, 1 grid overlap. Loading plate was pushed from beneath the mesh. 

 
Table 15 Result from ADCP1, test setup ADC, and the loading plate was pushed from beneath the mesh that were installed 

with one grid of overlap. 

Test setup 
Rupture load 

[kN] 

Displacement at rupture load 

[mm] 

ADCP1_1 33.3 203 

ADCP1_2 34.2 215 

ADCP1 mean 33.8 209 

 

b) Failure modes in mesh  

Both tests of ADCP1 failed at the same location close to the face plate no. 3, as shown in Figure 

64. In the first test, it was a failure at the HAZ (Figure 65). In the second test, failure presented 

itself as a tensile failure in a wire (Figure 66). Note that the overlap starts to separate as soon as 

the load are applied, this was noticed for both test one and two.  
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Figure 64 Location of both tensile failures for test setup ADCP1 

 
Figure 65 HAZ failure in ADCP1_1 at face plate three. 

 

 
Figure 66 Tensile failure at face plate three, ADCP1_2. 
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5 Analysis 

The main observation after the tests for test configuration in series AA was that as the load 

increase, the mesh deforms globally when pulling in the central wires, as described by Dolinar 

(2006). As the load increases, the face plate cannot hold the mesh in place and the mesh slips 

at the face plates. Slippage at the face plate halts when wires are prevented from moving by the 

bolts. After that, the grid gets distorted and square shapes grids turn into oblique shapes as 

described by Dolinar (2006), which has been noticed by Thompson et al. (1999). In test series 

AA, all failure was observed close to a face plate, as shown in Figure 67.  

 

 
Figure 67 a) Load applied through loading plate on the mesh creates a global deformation in the mesh. b) Failure close to the 

bolt as the mesh was locked by the bolt, noticing the oblique shape of the mesh.  

Slippage of the mesh was also noticed for tests in series AB/AD but only at face plate no. three 

and four. Distortion of the grid, however, was not developed in series AB/AD as large as in 

series AA. This is due to the load transferring pattern as Dolinar (2006) described. In test series 

AB/AD, the load is transferred directly within the mesh. Pulling in the bolts (loadcells) inward 

toward the point where the load was applied, causing a bending moment in the bolts (loadcells). 

This phenomenon could cause error in the measured values as the loadcells is only designed to 

measure load in one direction.   

 

Morten et al. (2007) conducted tests in test rig built by WASM and concluded that the slippage 

has an impact of how the welded mesh behaves. Case studies summed up by Heal (2010) high-

lighted the understanding of the connections between support elements in real life.  

 

Elongation in the wire for test series ABC has been measured between faceplate no. 3 and 4, 

Figure 68. There is no difference no matter where the loading plate was located. However, 

between the loading plate and the face plate, the spacing of the grid was measured to be 76 mm, 

76 mm, 76 mm, and 81 mm. It is noticed that the biggest deformation occurred is closer to the 

face plate. With a starting length of 75 mm of the grid spacing, the elongation of the wire is 1 

respectively 8 percent after the test. However, there is abnormal deformation at the grid that is 

close to the face plates (abutments) so that it is hard to measure due to the localized failure.  
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Figure 68 Measuring location for elongation in the wire. One grid is measured in the middle of the loading plate edge and the 

face plate edge. 

 

5.1 Characteristics of load-displacement curves 

5.1.1 Test series AA 

In test series AA and the base case AAC, together with the steel loading plate and an overlap, 

the rupture load and its corresponding displacement falls into the same range, which is around 

41 kN at 440 mm. As the bolt installation load on the faceplate is doubled, the rupture load of 

tested mesh decreases to 32.4 kN at a displacement of 362 mm. Loading the mesh with a bigger 

loading plate will increase the rupture load to 60.7 kN at a displacement of 256 mm. These are 

summed up in Table 16 and plotted in Figure 69 for a better overview. Morton et al. (2007) 

reports a load range of 38.2 kN to 47 kN at a corresponding displacement range of 150 mm to 

250 mm on mesh with same wire diameter but with a spacing of 100 mm x 100 mm. Square 

loading plate of 0.3 m was used and wires was used to restrain the mesh instead of bolts.    

 

5.1.2 Test series AB/AD 

In the base case, a rupture load was recorded at 28.9 kN at a displacement of 189 mm. When 

an overlap was introduced in the test, the rupture load increases to 47.5 kN at a displacement 

of 216 mm, indicating that the mesh at overlap is strengthened to withstand rapture. When the 

mesh with overlap was tested by a pushing load, it ruptured at a load of 42.0 kN at a displace-

ment of 218 mm. Reducing the grid at overlap to one decrease both the rupture load and the 

displacement to 33.8 kN and 209 mm respectively. These are also summed up in Table 16 and 

plotted in Figure 69. Earlier field tests on overlap has shown a rupture load around 40 kN at a 

displacement range of 130 mm to 150 mm with seismic mesh with bolt spacing of 1,1 – 1. 3m 

however, it is noticed that the perfect installation of the mesh is hard to achieve in field and is 

highly effecting the result. With a wire diameter of 5.6 mm with a spacing of 100 mm x 100 

mm (Whiting, 2017). Both the load and displacement are higher for LKAB´s mesh. The reason 

for causing this difference is because different bolt pattern and bolt spacing were used and the 

test from Whiting (2014) was conducted in situ rather than in a laboratory. 

 
Table 16 Summary of the rupture load and corresponding displacement result for different test setups 
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Test setup Rupture load 
[kN] 

Displacement at rupture 
load [mm] 

Normalized 
load compared 

to AAC 

Normalized dis-
placement com-

pared to AAC 

AAC mean 41.4 440   

AAS mean 40.0 434 97 % 99 % 

AAO mean 40.9 442 99 % 100 % 

AAC_34 mean 32.4 362 78 % 82 % 

AAC_800 mean 60.7 256 147 % 58 % 

Test setup 
Rupture load 

[kN] 
Displacement at rupture 

load [mm] 

Normalized 
load compared 

to ABC 

Normalized dis-
placement com-

pared to ABC 

ABC mean 28.9 189   

ADC mean 47.5 216 164 % 114 % 

ADCP3 mean 42.0 218 145 % 115 % 

ADCP1 mean 33.8 209 117 % 111% 

 

 
Figure 69 Rupture load and displacement for all conducted tests by using mean values. 

 

5.2 Mesh stiffness  

Mesh stiffness has been evaluated by using the load-displacement curve for each test setup. The 

mesh stiffness is defined as the ratio of load increment to displacement increment. It was cal-

culated at two stages: one before slippage and another one after slippage. For the base test 

AAC1, the initial stiffness at the first stage is 0.039 kN/mm and the secondary stiffness at the 

second stage is 0.169 kN/mm, as shown in Figure 70For AAC2, the initial stiffness is 0.045 

kN/mm and the secondary stiffness is 0.194 kN/mm, as shown in Figure 71 Figure 70. The 

same procedure was used to evaluate the stiffness of each test. 
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Figure 70 Stiffness for test AAC1. Initial stage before slippage (red straight line), secondary stage after slippage (green straight 

line). 

 

 
Figure 71 Stiffness for test AAC2. Initial stage before slippage (red straight line), secondary stage after slippage (green straight 

line). 

5.2.1 Test series AA 

Test setups AAC, AAS, and AACO initially have similar stiffness that is close to 0.04 kN/mm. 

Secondary stiffness increases little for AAS and even a little more for AACO, comparing with 

the base case. Higher load applied on the face plate during bolt installation (AAC34) affects 

both initial and secondary stiffnesses and yields the value of 0.055 kN/mm and 0.149 kN/mm 

respectively. Initial stiffens is higher in AAC34 compared to the base case AAC, better grip 

between faceplate and mesh increase the initial stiffness of the mesh. This observation was also 

concluded in test conducted by Dolinar (2006). Increasing the size of the loading plate also 

increases the stiffness. AAC800 has the highest initial and secondary stiffnesses in test series 

AA: 0.119 kN/mm and 0.340 kN/mm. Brown (1999) also concluded that a bigger loading plate 

increases the stiffness of a mesh because there is a smaller distance from the edge of the loading 

plate to the bolt. All stiffness calculated for test series AA is summarized in Table 17 and is 

presented in Figure 72. 
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5.2.2 Test series AB/AD 

When the mesh was loaded by pulling, the initial stiffness is very close for test with a single 

mesh (0.141 kN/mm) and for test with mesh overlap (0.149 kN/mm). However, in the second 

stage, the stiffness becomes much higher for test with mesh overlap (0.314 kN/mm) compared 

to that where the single mesh was tested (0.166 kN/mm). The existing of overlap seems to make 

the mesh stiffer configuration. Comparing the stiffness from tests loaded by pulling and push-

ing, it is found that there is a decrease in both initial and secondary stiffness for the pushing 

test. The difference becomes larger for the secondary stiffness compared to the initial stiffness. 

There is slight difference on mesh stiffness, especially initial stiffness when using one and three 

grid overlap. Tannant et al. (1997) reported that a stiffness ranges from 0.27 kN/mm (mech 

guage #6 with a spacing of 102 mm) to 0.38 kN/mm (Mech gague #4 with spacing of 102 mm) 

for static loading conditions, these are  higher than those in test series AB/AD however there 

are difference in bolt pattern and mesh configuration.  

 
Table 17 Mesh stiffness for all test setup. 

Mesh stiffness calculated from test series AA [kN/mm] 

Setup Initial Mean Secondary Mean 

AAC1 0.0394 
0.039 

0.1685 
0.181 

AAC2 0.0376 0.1939 

AAS1 0.0394 
0.039 

0.2256 
0.226 

AAS2 0.0391 0.2265 

AACO_1 0.0454 
0.048 

0.3012 
0.276 

AACO_2 0.0509 0.2500 

AAC34_1 0.0520 
0.055 

0.1501 
0.149 

AAC34_2 0.0584 0.1486 

AAC800_1 0.1124 
0.119 

0.3746 
0.340 

AAC800_2 0.1254 0.3061 

Mesh stiffness calculated from test series AB/AD [kN/mm] 

Setup Initial Mean Secondary Mean 

ABC1 0.1435 
0.141 

0.1478 
0.166 

ABC2 0.1381 0.1839 

ADC1 0.1255 
0.149 

0.3244 
0.314 

ADC2 0.1729 0.3028 

ADCP3_1 0.1343 
0.121 

0.1843 
0.205 

ADCP3_2 0.1085 0.2249 

ADCP1_1 0.1378 
0.124 

0.1784 
0.186 

ADCP1_2 0.1103 0.1940 

 



 51 

 
Figure 72 Mean stiffness for each test setup, the stiffness at the initial stage is marked in blue. The stiffness at the secondary 

stage is marked in orange. 

5.3 Characteristics of failure modes 

5.3.1 Test series AA 

There are two observed failure modes of tested mesh: tensile failure of the wire and failure at 

the heat affected zone (HAZ). In test series AA, failure at the HAZ close to face plate one was 

noticed in all tests except for one test in AAS, where it failed at faceplate two. Location of the 

HAZ failure was always the same at the second wire counted from the outside of the mesh 

sheet. The mesh first slipped between face plate and mesh wires until the wires were locked at 

the bolt. The upward movement of mesh made the wire broken at the welds due to steel (face 

plate) to steel (mesh wire) contact, as shown in Figure 73. 

 

The source of failure located at face plate one can be tracked back to the test setup. Load was 

supposed to be applied in the center of the mesh. However, it was not possible due to the mesh 

geometry. One welded wire was exactly in the middle and therefore the loading plate was al-

ways installed with a small offset from the center of the mesh, as shown in Figure 74. 

 

 
Figure 73 HAZ failure in the second wire counted from the 

outside of the mesh sheet.  

 

 
Figure 74 Load was not able to apply in the center of the 

mesh due to existing of a welded wire. Therefore, a small 

offset closer to face plate one was always kept for test se-

ries AA. 
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5.3.2 Test series AB/AD 

In test series AB/AD, these two failure modes were also noticed. They could be observed at 

face plate three, at the loading plate, or between the face plate and the loading plate. Location 

of the failure can be tracked back to the load transferring mechanism between the loading plate 

and face plate no. 3 and 4. In test series AB/AD, 50 % of the failure was tensile failure of the 

wires close to a face plate or between a face plate and the loading plate. Failure at HAZ ac-

counted for another 50 %. Half of them was located at the loading plate and the other was 

observed at a face plate.  

 

Generally, failure location was mentioned in earlier tests. However, the failure mode is often 

left out Tannant et al. (1997) reported that mesh failure is close to the rock bolt. Whiting (2014) 

stated that rupture develops as wire fails. Dolinar (2006) and Dolinar (2009) did not define 

failure mode but focused on only wire breakage. In test conducted by Morton et al. (2007), 

mesh often fails through rupture of the welds or in the HAZ. It was also observed that the wires 

that were under direct loading fail first, which is supported by both test series AA and AB/AD. 

Larger diameter of wires at faceplates have shown increased load-carrying capacity of a mesh 

(Shan et al., 2014). Increasing the quantity of wires also increases the load-carrying capacity of 

the mesh. That is why the seismic mesh preforms better than a standard welded mesh installed 

in a five dice pattern and at an overlap (Whiting, 2017). 

 

  



 

 53 

6 Discussion 

6.1 Influence of loading plate material [AAS/AAC] 

By comparing the base case AAC with the test using a steel plate (AAS), it is possible to see 

how the stiffness of the loading plate material affects the mesh load-carrying capacity. The 

rupture load and its corresponding displacement only differ 3 % and 1 % respectively between 

these tests. The initial stiffness is the same, but the secondary stiffness increases 24 % for AAS. 

As the load-displacement curves are similar, it seems that changing the material of the loading 

plate does not affect the load-carrying capacity of the mesh (Figure 75). For both cases, failure 

at the HAZ was noticed to be close to a face plate.  

 

 
Figure 75 Comparison of load-displacement curves for test setup AAC and AAS. 

6.2 Influence of load quantity applied on face plate [AAC34/AAC] 

Load applied on the face plates was increased to simulate the effect of rock movement on the 

confinement on the face plate. Initially, the mesh stiffness is higher compared with the base 

case. However, as the mesh slips, the stiffness decreases comparing with the base case. Higher 

confinement applied on the mesh causes an earlier rupture on the mesh wires. The rupture load 

and its corresponding displacement is close to 80% of the value from the base case, as shown 

in Figure 76. Both tests fail at the HAZ close to a face plate.  
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Figure 76 Comparison of load-displacement curves for test setup AAC and AAC34.. 

6.3 Influence of loading plate size [AAC800/AAC] 

It is clear, according to both the load-displacement curves and stiffness evaluation, that the load 

plate size affects the load-carrying capacity of the mesh, as shown in Figure 77. As the load is 

distributed over wider area, the rupture load increases by 47% at a displacement of 58 % of the 

base case. Mesh stiffnesses calculated before and after mesh slippage are undoubtedly higher 

than that from the base case. Brown (1999) explained that the behavior is not only caused by a 

wider spread of the load, but also a shorter distance from the edge of the loading plate to the 

bolts. The difference in the distance between the two different loading plates is 0.25 m. When 

the distance from the edge of the loading plate to the bolts becomes shorter, the amount of 

deformation/distortion of the grids in the mesh becomes lower, see Figure 78. The only thing 

that is similar between the two test setups is the failure mode and failure location. That is, HAZ 

failure close to a faceplate.  

 

 
Figure 77 Comparison of load-displacement curves for test setup AAC and AAC800. 
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Figure 78 a) AAC2, b) AAC800_2. Loading plate size affects the amount of distorted grids in the mesh. The longer distance, 

the more distortion is.  

 

6.4 Influence of loading position [ABC/AAC] 

The influence of the loading position is investigated by comparing the two base cases from each 

test series, AAC and ABC, as shown in Figure 79. In test AAC, the load is not directly trans-

ferred to the bolts as it is in test ABC. As the load is transferred directly from the loading plate 

to the bolts, both the rupture load and its displacement decrease, comparing with AAC. Stiffness 

is also affected by the loading position. The highest difference is for the initial stage. The mesh 

stiffness triples for test setup ABC compared with AAC. There is also a difference in failure 

modes. For test series AA, there is only failure at the HAZ close to a faceplate. For test series 

AB/AD, both tensile failure of a wire and failure at the HAZ were found. They were observed 

both at the loading plate and close to the faceplate.  

After the rupture has occurred in test series AA, the load-carrying capacity of the mesh de-

creases as the mesh is deformed, as shown in Figure 41, Figure 43, and Figure 45. In test series 

AB/AD, the load-carrying capacity increases even after the first rupture, as shown in Figure 51 

and Figure 55. The assessment helps to draw the conclusion that the loading position also affects 

the post rupture behavior of the mesh.  

 

 
Figure 79 Comparison of load-displacement curves for test setup AAC and ABC. 
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6.5 Influence of mesh overlap 

6.5.1 With and without overlap 

a) Loading at the mesh center [AACO/AAC] 

Adding an overlap to the base case in test series AA slightly reduces the rupture load in the 

load-displacement curves, see Fel! Hittar inte referenskälla.. While the test was preformed, 

it was observed that the mesh behaved smoother in contact with the faceplates for test AACO 

compared with AAC. This behavior affects the stiffness for test AACO comparing with the 

base case. However, rupture load and its corresponding displacement, failure mode as well as 

the failure location are similar for both cases.  

 

 
Figure 80 Comparison of load-displacement curves for test setup AAC and AACO.  

 

b) Loading at the overlap between two bolts [ABC/ADC] 

To investigate how the overlap affects the mechanical characteristics of the mesh, the result 

from a single mesh is compared with the one with an overlap, both loaded between bolts at the 

overlap. The setup with an overlap (ADC) has 64 % increment of load-carrying capacity before 

rupture comparing with the single mesh test ABC, see Figure 81. Initially, the stiffness is similar 

for both cases, as a slip occurs the stiffness increases by about 90 % for the test with an overlap 

comparing for the one with a single mesh. Observed failure mode and failure location are the 

same for both tests including tensile failure in a wire and at the HAZ both at the loading plate 

and faceplate. It is evident that the overlap changes the mechanical characteristics of a mesh. It 

was often observed that bolt failure occurs at mesh overlap at Kiirunavaara underground mine. 

This laboratory assessment indicates that the mesh overlap is strong and stiff and hence it can 

transfer more load to the surrounding bolts, which might explain the field observation. 
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Figure 81 Comparison of load-displacement curves for test setup ADC and ABC. 

 

6.5.2 Overlapped grid number [ADCP1/ADCP3] 

To investigate the influence of the amount of grid overlap, the tests with one and three grids 

overlap are compared using test setup ADCP1 and ADCP3, as shown in Figure 82. Mesh with 

one grid overlap is less stiff and has a lower rupture load compared with the test with an overlap 

of three grids. Both tensile failure and failure at HAZ were observed in the tests. 

 

 
Figure 82 Comparison of load-displacement curves for test setup ADCP3 and ADCP1.  

6.6 Influence of loading pattern (Pulling vs. Pushing) [ADC/ADCP3] 
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rupture load is almost the same. There is a small difference, but only after slippage, in the stiff-

ness between the two loading patterns. It can be concluded that mesh behaves similarly no 

matter if the load is applied by pulling or pushing, as shown in Figure 83. 

 

 
Figure 83 Comparison of load-displacement curves for test setup ADC and ADCP3. 
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7 Conclusions and recommendations  

7.1 Conclusions 

 

Test series AA, applying load at the mesh center between four bolts. 

• Applying load at the mesh center between four bolts with a spacing of 1.0 m × 1.0 m 

generates an average rupture load of 41.5 kN at a displacement of 0.44 m using a con-

crete loading plate with dimeter of 0.3 m. 

 

• The characteristics of load – displacement curves are quite similar when the material of 

the loading plate is changed to steel. Failure of the wires for both tests occurs at the heat 

affected zone near the faceplates. 

 

• There is negligible change in rupture load and corresponding displacement when chang-

ing the boundary condition by adding an overlap but still keeping loading position the 

same, i.e. between four bolts. 

 

• Increasing the installation load at the faceplate causes the wire to rupture at a lower load 

with a smaller displacement. 

 

• Increasing the dimension of loading plate causes the mesh to be capable of carrying a 

higher load at a lower displacement.  

 

 

Test series AB/AD, applying load between two bolts. 

• Changing the loading position to the middle between two bolts decreases both the rap-

ture load and its corresponding displacement. The reason is that the load is transferred 

directly to the immediate bolts by the same wires and there is less wires which can share 

the load. The loading position also changes the residual load-carrying behavior after the 

formation of the first rupture in the mesh wire. Test series AA indicates a decreasing 

load-carrying capacity comparing with series AB/AD, which shows an increasing or 

constant capacity after the first rupture. Elongation measurement in test ABC shows an 

elongation up to 8 percent in the wire between loading plate and the closest face plate. 

The largest deformation occurs close to the face plate and the abnormal deformation/dis-

tortion of the grid makes it hard to measure in all grids.  

 

• Adding an overlap increases the load-carrying capacity of the mesh before rupture oc-

curs. An increment of mesh stiffness is also noticed when load is applied at the overlap.  

 

• Little difference is noticed if the load is applied by pulling or pushing. Some variations 

in the test can be seen, but they are too small to reach a reliable conclusion.  

 

• Using one grid overlap generates a lower load-carrying capacity of the mesh comparing 

with an overlap created with three grids. Overlap seems to have a tendency to open up 

as load is applied, especially for one grid overlap. Reduction of grid number to create 

overlap and to reduce load concentration are not recommended.  
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• Both tensile failure (37.5 %) of the wires and failure at the Heat Affected Zone (62.5 

%) are observed in test series AB/AD. Welds seems also to be the weak link in this test 

setup. However, it is not as critical as load is distributed after the first occurrence of 

wire rupture.  

 

7.2 Recommendations 

 

It is concluded that an improvement of the mesh used by LKAB could be reached regarding 

both improving the behavior of welds and load distribution. Installing seismic mesh and straps 

have shown good results to redistribute load. Further tests on these could be performed follow-

ing LKAB´s own specifications regarding mesh dimensions and bolt pattern.  

 

The mechanical response and load-carrying capacity of the tested mesh is affected by the load 

spreading pattern and is sensitive to the distance from the loading point to the installed bolts. 

Further studies regarding the mechanical response of mesh could be investigated by testing 

more complex mesh installations such as the installation with 3 × 3 bolts and 4 mesh sheets. 

 

It is found that rupture is always at the HAZ close to a face plate in test series AA. Therefore, 

welding procedure should be investigated and improved. Further tests on mesh with Larger 

diameter of wires close to the face plate could also be investigated. Tests conducted by other 

researchers on roof mesh and high energy absorption mesh have shown a good quality regarding 

the problems noticed in test series AA.  
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Appendix A Rock burst 

 

Mapping of rock burst in Kirrunavaara was conducted between 2011 – 2015. In this period 15 

seismic events occurred causing 35 rock bursts at different location of the mine (Kreckula, 

2017). The type of installed rock reinforcement and support is summed up in Table 18. At 17 

of the 35 rock bursts, welded mesh had been installed. In 59 percent of these locations the mesh 

failed at its overlap.  

 
Table 18 Mapped rock burst in Kiurrnavaara between 2011 and 2015.  

 
 

 

 

 

Bolt type
Boltspacing 

[m]

Shotcrete thickness 

[mm]
Mesh Surface support Bolts in faliure

1 2011-08-01 993/A Other Acces drift NMX 1,5 70 No Shotcrete has fallen out with some rock material. No cracks are seen outside the damaged area0 -

964/A Cross cut 254 NMZ Or NMX Dynamic 1,5 70 No Shotcrete has fallen out with rock material.Unknown -

964/B Cross cut 254 NMZ Or NMX Dynamic 1,5 70 No Shotcrete has fallen out with rock material.Unknown -

964/C Cross cut 254 NMZ Or NMX Dynamic 1,5 70 No Shotcrete has fallen out with rock material.Unknown -

1022/228 Cross cut 288 Swellex Mn24 1 70 Yes Damage occured under mesh. Shotcrete has fallen off.0 No

1022/291 Cross cut 291 Swellex Mn24 1 70 Yes Mesh has partly lost its function at the overlap5 Yes

4 2012-08-13 935/Y2220-Y2237 Footwall drift South of 224 Swellex Mn24 1 100 yes Mesh faild at overlap 47 Yes

1022/A Cross cut 288 Swellex Mn24 1,5 70 No Damage occured on the boundary to mesh6* -

1079/A Footwall drift Between 296-296 Swellex Mn24 1 70 Yes Shotcrete was cracked, mesh was holding it from falling out.0 No

Swellex Mn24 1 7

NMX* 1,5 3

1079/1a Footwall drift Next to 296 Swellex Mn24 1 70 Yes Mesh faild at overlap 2 Yes

1079/1b Cross cut 296 NMX 1,5 50 No Fallout of shotcrete togheter with rock.2 -

1079/2 Cross cut 293 NMX 1,5 50 No Fallout occured on boundary to mesh2 -

1079/3 Cross cut 291 Swellex Mn24 1 70 Yes Stable. Cracks in Shotcrete arch.0 No

Swellex Mn24 1 Stable. Bolts were "sucked" into the rock.0 No

NMX 2 Aproximately 20 cm of defromation of wall.No

Swellex Mn24 1 22

NMX 2

1108/7 Footwall drift Nest to 292 D-bolt 1 70 Yes Mesh partly failed at ovelap.3 Yes

1108/9 Footwall drift Between 290-292 D-bolt 1 70-100 Yes Shotcrete was fractured. 0 No

1109/10 Cross cut 290 D-bolt 1 70-100 yes Mesh was opened up along overlap, but not completly failed.3 Yes

8 2014-07-05 1165/A Cross cut - NMX 2 70 No Shotcrete has fallen out with the rock material.5 -

9 2014-07-22 935/A Cross cut South of 193 Cable 1 200 No Shotcrete has fallen out with the damaged rock. Shotcrete was craked up around the fall out.1 -

Swellex Mn24 1 7 -

Cable Selective -

1022/B Footwall drift Between 342-344 Swellex Mn24 1 70 No Complete collapse. >100 -

1051/A Footwall drift Between 341-342 Swellex Mn24 1 70 Yes Mattressing visible. 0 ?

11 2015-08-01 1051/A Cross cut 343 NMX 1,5 200* No Large blocks of shotcrete fell out.7* -

12 2015-08-29 1022/A Cross cut 229 NMX or NMX Dynamic 1,5 100 No Shotcrete has fallen out with some rock material. No cracks are seen outside the damage.3-5* -

13 2015-09-04 1022/A Footwall drift Next to 229 NMX or NMX Dynamic None 70 No Shotcreate ejected with rock. Damage on boundary to mesh. 0 -

1022/A Footwall drift Bettween 261-264 Swellex Mn24 1 - Yes Damage occured at hte ovelap. The mesh was installed down to approximately 50 cm from the floor.- Yes

1051/A Footwall drift Between 270-272 Swellex Mn24 1 - Yes Mesh lost function at Overlap- Yes

1108/A Footwall drift Next to 260 Dynamic 1 - Yes Dammage occured under the mesh.- No

1250/A Footwall drift Next to shaft 261 - - Yes, unknow thickness No Shotcrete has fallen loose with the rock.- -

1137/Shaft 301 Other - No bolts - 70 No Shotcrete fell out with rock material.- -

- NMX Dynamic 1 12

- Cable Selective 3

- NMX Dynamic 1 5

- Cable Selective 4

- Swellex Mn24 1 0

- NMX or NMX Dynamic 1

2013-07-12

2012-04-20

2011-09-07

Footwall drift

Damage stateSupport system

Damage site
Date of 

failure
Damege area Crosscut number

2014-02-07 935/A Footwall drift Between 211-217

2014-04-29

Event

2

3

5

6

7

Mesh was torn up at its installation boundary. Shotcrete has fallen out with rock.1022/A Footwall drift North of 342

10 2014-12-25

70 Yes

1079/4 Between 288-291

1070/6 Footwall drift Between 286-288

15

Mesh has fallen out.Yes100

70 No

100 Yes Mesh is torn off. Straps is also installed

14 2015-09-17

1137/O286 Footwall drift

Footwall drift1137/O286-O288

1108/A Footwall drift 100 yes Mesh has opened up at the ovelap. Fjällband is also installed. 

2015-09-24
-

Yes

100 Yes

70 Yes

Mesh ripped up.

Mesh partly failed at ovelap.

Mesh 

Failed/damag

ed at overlap

Yes

Yes

-



Appendix B 

64 

Appendix B Load – displacement curves in bolts 

Load are measured in all bolts by the installed load cells in the test rig frame. Load cell 1 represent 

load at bolt 1 and load cell 2 with bolt 2 correspondingly etc. Displacement is measured at centrum 

of the loading plate. In test series AA four load cells is used, expect for test setup AACO where all 

six load cells are used, same as for test series AB/AD. 

 

AAC 

Load is applied with a concreate loading plate (0.3 m in diameter) at the centre of four bolts, the base 

case for test series AA. Test one, Figure 84 and test two, Figure 85. 

 

 
Figure 84 Load at bolt - displacement of the loading plate for test setup AAC1.  
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Figure 85 Load at bolt - displacement of the loading plate for test setup AAC2. 

AAS 

Load is applied with a steel loading plate (0.3 m in diameter) at the centre of four bolts. Test one, 

Figure 86 and test two, Figure 87.  

 

 
Figure 86 Load at bolt - displacement of the loading plate for test setup AAS1. 
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Figure 87 Load at bolt - displacement of the loading plate for test setup AAS2. 

AAC34 

Load is applied with a concreate loading plate (0.3 m in diameter) at the centre of four bolts. Load 

applied at the face plate is 34 kN. Measured load in tests AAC34 are presented in Figure 88 and Figure 

89.  
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Figure 88 Load at bolt - displacement of the loading plate for test setup AAC34_1. 

 
Figure 89 Load at bolt - displacement of the loading plate for test setup AAC34_2. 
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AACO 

Two mesh sheets are installed at the test rig creating an overlap of 3 grids, load is applied with a 

concreate loading plate (0.3 m in diameter) at the centre of four bolts. Measured load from tests AACO 

are presented in Figure 90 and Figure 91. 

 

 
Figure 90 Load at bolt - displacement of the loading plate for test setup AACO1. 

 

 
Figure 91 Load at bolt - displacement of the loading plate for test setup AACO2. 
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AAC800 

Load is applied with a concreate loading plate at the centre of four bolts, the loading plate size is 

increased to 0.8m in diameter. Measured load in the bolts in tests AAC800 are presented in Figure 92 

and Figure 93. 

 
Figure 92 Load at bolt - displacement of the loading plate for test setup AAC800_1. 

 

 

Figure 93 Load at bolt - displacement of the loading plate for test setup AAC800_2. 
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ABC 

Load is applied between two bolts. ABC is the ground case with one single mesh. Measured load in 

the bolts is presented in Figure 94 for test one and in Figure 95 for test two. Load cell 3 and 4 are 

affected most during the test.  

 

 
Figure 94 Load at bolt - displacement of the loading plate for test setup ABC1. 

 

 
Figure 95 Load at bolt - displacement of the loading plate for test setup ABC2. 
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ADC 

Load is applied between two bolts. In test setup ADC two mesh sheets are installed to create an over-

lap and the load is applied at the overlap. In both test one and test two the bolts closest to the loading 

plate are the ones that are most affected, Figure 96 and Figure 97. 

 

 
Figure 96 Load at bolt - displacement of the loading plate for test setup ADC1. 
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Figure 97 Load at bolt - displacement of the loading plate for test setup ADC2. 

 

ADCP3 

Load is applied between two bolts. In test setup ADCP3 two mesh sheets are installed to create an 

overlap. Load is applied by pushing the load plate with a hydraulic jack. In both test one and test two 

the bolts closest to the loading plate are the ones that are most affected, Figure 98 and Figure 99 

 

 
Figure 98 Load at bolt - displacement of the loading plate for test setup ADCP3_1. 
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Figure 99 Load at bolt - displacement of the loading plate for test setup ADCP3_2. 
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Load is applied between two bolts. In test setup ADCP3 two mesh sheets are installed to create an 

overlap. Load is applied by pushing the load plate with a hydraulic jack. In both test one and test two 

the bolts closest to the loading plate are the ones that are most affected, Figure 100 and Figure 101 
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Figure 100 Load at bolt - displacement of the loading plate for test setup ADCP1_1. 

 
Figure 101 Load at bolt - displacement of the loading plate for test setup ADCP1_2. 
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Appendix C– Pictures 

AAC1 

The AAC1 test resulted in a failure in the HAZ at face plate one, pictures from the test are 

presented in Figure 102 - Figure 106. 

 

 
Figure 102 AAC1 Faceplate 1. 

 
Figure 103 AAC1 Faceplate 2. 

 
Figure 104 AAC1 Faceplate 3. 

 
Figure 105 AAC1 Faceplate 4. 

 

 
Figure 106 AAC1 Tensile failure at faceplate 1, (View from faceplate 3).
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AAC2 

The AAC2 test resulted in a failure in the HAZ at face plate one, pictures from the test are 

presented in Figure 107 - Figure 111. 

 

 
Figure 107 AAC2 Faceplate 1. 

 

Figure 108 AAC2 Faceplate 2. 

 

Figure 109 AAC2 Faceplate 3. 

 
Figure 110 AAC2 Faceplate 4. 

 
Figure 111 AAC2 from faceplate 1 and 2. Tensile failure at faceplate 1. 
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AAS1 

The AAS1 test resulted in a first failure in HAZ at faceplate one. Pictures from the test are 

presented in Figure 112 - Figure 116.

 
Figure 112 AAS1 Faceplate 1 

 

 
Figure 113 AAS1 Faceplate 2 

 
Figure 114 AAS1 Faceplate 3 

 

 
Figure 115 AAS1 Faceplate 4 

 

 
Figure 116 AAS1, Mesh has failed by tensile failure at faceplate 1. (Faceplate 3 and 4 closes to the viewer). 
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AAS2 

The AAS2 test resulted in a failure in the HAZ at face plate two, pictures from the test are 

presented in Figure 117 - Figure 121. 

 

 
Figure 117 AAS2 Faceplate 1. 

 
Figure 118 AAS2 Faceplate 2. 

 

 
Figure 119 AAS2 Faceplate 3. 

 
Figure 120 AAS2 Faceplate 4.

 

 
Figure 121 AAS2 from Faceplate 4, tensile failure at faceplate 2
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AAC34_1 

The AAC34_1 test resulted in a failure in the HAZ at face plate one, pictures from the test are 

presented in Figure 122 - Figure 125. 

 

 

Figure 122 AAC34_1 Faceplate 1. 

 
Figure 123 AAC34_1 Faceplate 2 

 
Figure 124 AAC34_1 Faceplate 3. 

 
Figure 125 AAC34_1 Faceplate 4.  
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AAC34_2 

The AAC34_2 test resulted in a failure in the HAZ at face plate one, pictures from the test are 

presented in Figure 126 - Figure 130. 

 

 

 
Figure 126 AAC34_2 Faceplate 1 

 
Figure 127 AAC34_2 Faceplate 2 

 

 
Figure 128 AAC34_2 Faceplate 3 

 
Figure 129 AAC34_2 Faceplate 4. 

 

 
Figure 130 AAC34_2 Tensile failure at faceplate 1 to the right. (View from 2 and 1).  
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AAC800_1 

The AAC800_1 test resulted in a failure in the HAZ at face plate one, pictures from the test are 

presented in Figure 131 -Figure 135. 

 

 
Figure 131 AAC800_1 Faceplate 1 

 
Figure 132AAC800_1 Faceplate 2 

 
Figure 133 AAC800_1 Faceplate 3 

 

Figure 134  AAC800_1 Faceplate 4.

 

 

Figure 135 AAC800_1 Tensile failure at faceplate 1(View from faceplate 2 and 1). 
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AC800_2 

The AAC800_2 test resulted in a failure in the HAZ at face plate one, pictures from the test are 

presented in Figure 136 - Figure 140. 

 

 
Figure 136 AAC800_2 Faceplate 1. 

 
Figure 137 AAC800_2 Faceplate 2. 

 
Figure 138 AAC800_2 Faceplate 3 

 
Figure 139 AAC800_2 Faceplate 4. 

 

 

Figure 140 AAC800_2 Failed by tensile failure at faceplate 1. (View from faceplate 1). 
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ACC1 

The ACC1 test resulted in a tensile failure at faceplate one, pictures from the test are presented 

in Figure 141 - Figure 143, note that mesh sheet at faceplate 5 and 6 are nearly not effected. 

 

 
Figure 141 ACC1 Faceplate 1 and 2 

 
Figure 142 ACC1 Faceplate 3 and 4 

 
Figure 143 AAC1 Faceplate 5 and 

6 

ACC2 

The ACC2 test resulted in a tensile failure at faceplate one, picture from the test are presented 

in Figure 144. 

 
Figure 144 ACC2 tensile failure at faceplate 1. 
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ABC1 

The ABC1 test resulted in a tensile failure at fac plate three, pictures from the test are presented 

in Figure 145 - Figure 147. 

 

 
Figure 145 ABC1 Faceplate 1 and 

2. 

 
Figure 146 ABC1 Faceplate 3 and 

4. 

 
Figure 147 ABC1 Faceplate 5 and 

6. 

ABC2 

The ABC2 test resulted in a tensile failure at faceplate three, pictures from the test are presented 

in Figure 148  

 

 
Figure 148 ABC1 Whole mesh sheet, failed at faceplate 3. 
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ADC1 

The ADC1 test resulted in a tensile failure at the load plate, pictures from the test are presented 

in Figure 149 - Figure 151. 

 

 

 
Figure 149 ABC2 Faceplate 1 and 

2. 

 

 
Figure 150 ABC2 Faceplate 3 and 

4. 

 

 
Figure 151 ABC2 Faceplate 5 and 

6. 

ADC2 

The ADC2 test resulted in a tensile failure at fac plate three, pictures from the test are presented 

in Figure 152and Figure 153. 

 

 

 
Figure 152 ADC2 tensile failure at faceplate 3 (View from 

faceplate 1 3 and 5) 

 

 

 

 

 
Figure 153 ADC2 tensile failure at faceplate 3 (View from 

faceplate 1 3 and 5 same as Figure 51.) 
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ADCP3_1 

The ADCP3_1 test resulted in a tensile failure at faceplate one, pictures from the test are pre-

sented in Figure 154 - Figure 157. 

 

 

 

 
Figure 154 ADCP3_1 Faceplate 2, 4 and 6. 

 

 
Figure 155 ADCP3_1 Faceplate 3. 

 
Figure 156 ADCP3_1 Faceplate 1, 3 and 5. 

 

 

 
Figure 157 ADCP3_1 Faceplate 3, tensile failure. 
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ADCP3_2 

The ADCP_2 test resulted in a tensile failure at faceplate one, pictures from the test are pre-

sented in Figure 158 - Figure 161. 

 

 
Figure 158 ADCP3_2 Faceplate 1 

and 2. 

 

 
Figure 159 ADCP3_2 Faceplate 3 

and 4. 

 

 
Figure 160 ADCP3_2 Faceplate 5 

and 6. 

 

 

 

 

 

 
Figure 161 ADCP3_2 Faceplate 5 and 6. 
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ADCP1_1 

The ADCP1_1 test resulted in a tensile failure at faceplate one, pictures from the test are pre-

sented in Figure 162 - Figure 164. 

 
Figure 162 ADCP1_1 faceplate 1 

and 2. 

 
Figure 163 ADCP1_1 faceplate 3. 

 
Figure 164 ADCP1_1 faceplate 5 

and 6. 

ADCP1_2 

The ADCP1_2 test resulted in a tensile failure at faceplate one, pictures from the test are pre-

sented in Figure 165 - Figure 167 

 

 
Figure 165 ADCP1_2 faceplate 1 

and 2 

 

 
Figure 166 ADCP1_2 faceplate 3. 

 

 
Figure 167 ADCP1_2 faceplate 5 

and 6

.
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Appendix D, Strain 

Measured strain in test setup AAS is under 2500 micro strain, it can therefore bee concluded 

that the mesh is deformed in the elastic stage. To remove the bending effect in the wires an 

average of the two strain gauges installed on the same wires is calculated and plotted. In test 

AAS1 the mean strain is 1.7 micro strain in one wire and 0.60 macro strain in the other wire, 

Figure 168 . For test AAS2 the mean macrostrain is 0.30 respectively -0.10, Figure 169. The 

data is scattered and the mean strain for the tests is in the range of -1.0 to 1.7 micro strain. 

Geometry of the mesh did not make it possible to apply the load exactly at the center, it can 

explain the wide range.  

 

 
Figure 168 Mean strain in test setup AAS1. 

 
Figure 169 Mean strain in test setup AAS2.
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Appendix E ADCP 

ADCP3 

Each test of ADCP3 was done in two stages, first the hydraulic jack was extended as far it could 

reach, a retake was then made. In total there are two load curves to present one test scenario, 

Figure 170 and Figure 171. These two curves are then merged together to describe one test 

setup, both these two merged curves is presented in Figure 172. Same procedure follows for the 

load curves describing load in the bolts, Figure 173 and Figure 174 are one test with two load 

curves.  

 
Figure 170 Load curve and displacement for test setup ADCP3. Two load curves ADCP3_1_1 and ADCP3_1_2 hence the 

retake with the jack.  
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Figure 171 Load curve and displacement for test setup ADCP3. Two load curves ADCP3_2_1 and ADCP3_2_2 hence the 

retake with the jack. 

 

 
Figure 172 Load curves for test ADCP3_1 and ADCP3_2 as the two tests has been joined in to one single load curve for each 

setup. 
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Figure 173 Load at the bolts and displacement for the loading plate for test setup ADCP3. Two load curves ADCP3_1_1 and 

ADCP3_1_2 hence the retake with the jack. 

 
Figure 174 Load at the bolts and displacement for the loading plate for test setup ADCP3. Two load curves ADCP3_2_1 and 

ADCP3_2_2 hence the retake with the jack. 
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ADCP1 

Each test of ADCP3 was done in two stages, first the hydraulic jack was extended as far it could 

reach, a retake was made. In total there are two load curves to present one test scenario, Figure 

175and Figure 176. These two curves are then merged together to describe one test setup, both 

these two merged curves is presented in Figure 177. Same procedure follows for the load curves 

describing the load in the bolts, Figure  and Figure 178 are one test with two load curves.  

 

 
Figure 175 Load curve and displacement for test setup ADCP1. Two load curves ADCP1_2_1 and ADCP1_2_2 hence the 

retake with the jack. 
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Figure 176 Load curve and displacement for test setup ADCP1. Two load curves ADCP1_2_1 and ADCP1_2_2 hence the 

retake with the jack. 

 

 
Figure 177 Load curves for test ADCP1_1 and ADCP1_2 as the two tests has been joined in to one single load curve for each 

setup. 

 

0

10

20

30

40

50

60

70

0 100 200 300 400 500 600 700 800

Lo
ad

 [
kN

]

Displacement [mm]

Load-displacement at loading plate [ADCP1_2]

ADCP1_2a

ADCP1_2b

0

10

20

30

40

50

60

70

0 100 200 300 400 500 600 700 800

Lo
ad

 [
kN

]

Dicplcement [mm]

Load-displacement at loading plate [ ADCP_1]

ADCP1_1

ADCP1_2



Appendix E 

 95 

 
Figure Load at the bolts and displacement for the loading plate for test setup ADCP1. Two load curves ADCP1_1a and 

ADCP1_1b hence the retake with the jack. 

 
Figure 178 Load at faceplate and displacement for test setup ADCP3. Two load curves ADCP1_2a and ADCP1_2b, hence the 

retake with the jack. 
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