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1 Abstract 

This paper addresses the effect of damage on the strength of climbing carabiners 

using tensile testing and finite element analysis. Thirteen climbing carabiners are 

tested to destruction under controlled conditions allowing a comparison to be 

made with their as-new performance. Both closed and open gate arrangements are 

considered, inflicting sharp and blunt areas of damage on the carabiner body to 

simulate plausible damage scenarios. The results indicate that, for the particular 

design of carabiner under examination, in most cases large areas of damage have a 

relatively small yet observable impact on functionality and strength. Failure is also 

seen to occur sooner and more rapidly than expected under some conditions. 
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2 Terminology and Nomenclature  

Figure 2-a: D-shaped wire gate Black Diamond Freewire carabiner 

Arm   Sections of carabiner body between the gate and elbow 

Closed Gate  Indicates the gate was closed during the test 

Elbow(s)  Curved corners of the carabiner body (“Large” and “Small”) 

Gate   Spring-loaded metal clip  

Major Axis  Direction of highest strength, parallel to the spine  

Nose   Hooked part of the carabiner body interfacing with the gate 

Notched  Indicates the carabiner contained a sharp flaw 

Open Gate  Indicates the carabiner gate was held open during testing 

Reduced Section Indicates material was removed from the carabiner elbow 

Roughened  Indicates surface of the carabiner was distressed at the elbow 

Spine   Posterior section of the carabiner body 

Stroke Total crosshead displacement of tensile test machine relative 

to an arbitrary initial reference point 
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3 Introduction 

3.1 Background Information 

Carabiners are used in rock climbing in conjunction with other equipment such as 

ropes, belay devices and harnesses as a means of protection to prevent serious 

injury or death in the event of a fall. It is therefore imperative that a carabiner is to 

withstand the forces involved in a reliable manner whilst also functioning 

repeatedly in an active outdoor environment. Strength and testing standards (1; 2) 

govern the minimum capabilities of new carabiners but assessments of when to 

retire used or damaged equipment is left to the discretion of the individual climber.  

3.2 Carabiner Design 

The design chosen for investigation is the D-shaped wire gate Freewire carabiner, 

manufactured by Black Diamond (see Figure 2-a). Consisting of a snap gate and a 

hot forged high strength aluminium alloy body, this design was chosen as there are 

fewer studies carried out on wire gates despite high popularity. Also, the simplicity 

of the one-part gate combined with the body manufacturing process could 

minimise variation whilst still allowing the prospect of interesting results. Many 

other designs are available such as pear or oval shaped bodies with screw, twist 

lock or bent gates. The combinations of materials, 

shapes and gate design makes generalising results 

near impossible from the outset of this investigation. 

Nevertheless this technical paper should be of 

interest to those contemplating the effects of the 

damage scenarios covered here on similar 

equipment.  

3.3 Damage Scenarios 

Shown right is the reduced section representing 

excessive rope damage. This was inflicted using a 

round file and sanded smooth with fine 1200 grit 

sandpaper. Material from two carabiners was 

removed to a depth of 1.40mm, measured from the 

Figure 3-a:  

Reduced Section Detail 
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outer surface. These carabiners were denoted as closed gate 5 and open gate 5.  

Shown in Figure 3-b is the second damage scenario; a sharp notch, introduced to 

the large elbow of the carabiner using a junior hacksaw parallel to the major axis. 

The width and depth of the cut was later measured to be 0.96mm and 1.50mm 

respectively. Three carabiners were damaged in this way. One carabiner, open gate 

7, was subjected to a roughening of the surface at the large elbow to further 

investigate the result obtained from the open gate notched test. A rough surface 

was achieved by scoring the carabiner repeatedly as it was clipped through a sharp 

metal tab. The remaining seven carabiners were tested to destruction in their 

undamaged states to provide a baseline with which to compare the damaged 

carabiners. From these tests, an idea of the manufacturing tolerances and hence 

the expected repeatability of these experiments could be determined. 

 

  

Figure 3-b: Notch Damage Detail 
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4 Testing Procedure and Apparatus 

A Zwick tensile testing machine was used to pull the carabiners to destruction along 

their major axis. Two Dyneema slings were used to attach the carabiners to the 

machine, looped back over to provide adequate strength for the tests. This is a 

deviation from the standard test procedure outlined in BS EN 12275: 1998 which 

mandates the use of steel clevis pin joints. This ensured the results would best 

represent a real world climbing scenario as loading through steel clevis pins is 

known to produce results which are not conservative compared to loading through 

a more elastic textile (3). Two major discrepancies with real world conditions were 

accepted: firstly, all carabiners are brand new and so have not been subjected to 

cyclic loading which would normally accompany the levels of damage inflicted, 

tending to harden the material and cause the material’s response to change. This 

effect was ignored for this investigation in order to isolate and gauge the effect of 

the damage alone. Secondly, loading would be applied quasi-statically, so dynamic 

and rate of strain effects are not considered. A constant crosshead speed of either 

50mm/min or 25mm/min was used depending on whether strain gauges were 

present on the carabiner under test. Carabiners with strain gauges were pulled to 

destruction at half the crosshead speed to allow for the strain data to be captured 

at better resolution, as force- strain data (synchronised with the force measured 

from the tensile test machine) is sampled at a much slower rate than the force-

stroke data from the tensile test machine. Open gate tests were conducted with the 

snap-gate held in the open position with tape, significantly decreasing the strength 

of the carabiner. 
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5 Test Results 

To obtain the nominal failure loads of the Black Diamond carabiners accurately, 

three tensile tests were carried out in both the open and closed gate conditions. 

The load-stroke results are given in Figure 5-a; including the strain gauged closed 

gate test- demonstrating neither the addition of strain gauges nor the slower 

crosshead speed affected the performance of the carabiner compared to the 

test conditions. All baseline results compare favourably with the rated strengths 

7kN (open gate) and 24kN (closed gate). Both tests were consistent i.e. failure 

occurred at the same location each time. Failure with the gate closed invariably 

started with breakage of the nose tip at the maximum load, leading to ductile 

fracture at the small elbow, as shown in the leftmost picture in From left to right: 

undamaged, major axis notch, reduced section 

Figure 4-a: Baseline tensile test results for undamaged carabiners 
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Figure 5-b. Conversely, open gate failure occurred at the large elbow, the opposite 

end compared with the closed gate tests. This is partly caused by greater 

deformation taking place at the elbows since they are unrestrained by the gate. 

This allows the bending moment to increase more rapidly at the large elbow as the 

arm extends relative to the spine and the sling load moves towards the nose. Figure 

5-a also shows a distinct difference in the load plateau visible after the plastic limit 

of the tests, just prior to fracture. The closed gate results show a significantly higher 

load of five to six kilonewtons after nose breakage, whereas the open gate tests 

show a lower load between three and four kilonewtons. This also suggests a 

movement of the applied load at the large elbow, tending to decrease the force 

From left to right: undamaged, major axis notch, reduced section 

Figure 5-b: Location of failure in closed gate tests 
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required to apply a bending moment to plastically deform the elbow up to the point 

of failure. This difference could also be partially attributed to change in shape and 

also strain hardening of the material. Both of these take place due to prior plastic 

deformation at the elbows in the closed gate configuration at the maximum load. 

Strain-rate effects also become important when considering the fast redistribution 

of load following nose break. Also seen in Figure 2-a is the difference in stiffness 

between the tests. The slope of the open and closed gate curves is seen to deviate 

when the body deforms enough to close the gap between the nose and gate, at a 

load just above 2kN. 

The damaged carabiners tested in the open gate configuration showed a significant 

change in performance. The failure location changed for the axially notched, 

reduced section and roughened samples, fracturing instead at the small elbow. The 

From left to right: undamaged, reduced section, angled notch 

Figure 5-c: Location of failure in open gate tests 

 
Figure 5-d: Open gate tensile test results of damaged carabiners 
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maximum and plateau loads for these carabiners were higher than the baselines.  

 The axially notched specimen produced a higher maximum load due to the 

sharp notch trapping the sling, holding it closer to the spine. This has the 

effect of reducing the bending moment being applied to the spine through 

the large elbow, thereby increasing the maximum load. This notch was not 

deep enough to cause failure and it should also be observed that the 

direction of damage is approximately perpendicular to the original direction 

of fracture shown in Figure 5-c. 

 In exactly the same way as for the axially notched sample, the effect of the 

reduced section was to prevent the applied moment arm from increasing as 

the carabiner deforms. From the load-stroke data, the stiffness of this 

carabiner can be seen to decrease relative to the others as a result of the 

smaller cross sectional area in the vicinity of the elbow. 

 The roughened carabiner had the same effect, but there was no change in 

stiffness or reduction in strength due to the applied grooves on the surface. 

 By applying the notch closer to the spine of the carabiner and more in line 

with the original direction of fracture, the angled notch specimen showed a 

distinct decrease in strength, failing sooner at the original location. There 

was also less plastic deformation in the carabiner body, evident from the 

straight spine in the rightmost picture in Figure 5-c as a result of quick 

fracture failure. The maximum load (7.03kN) is lower than the carabiner 

recommended and rated load of 8kN.  

Although the maximum loads increased in most of these damage scenarios, the 

actual effect on a real climbing rig would not be beneficial. Most likely a decrease in 

overall strength would be witnessed due to the sharp and rough nature of the 

surfaces causing damage and potential failure in the rope or sling supporting the 

climber. These results are however not uncommon in the testing of climbing 

equipment and often a worn or damaged item will give bizarre results due to a 

change in friction coefficient or load trajectory (4; 5). 
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The maximum loads observed with the closed gate results were consistent with the 

baseline values. Again, the reduced section test piece exhibited a lesser stiffness 

compared to the other closed gates (Figure 5-e) although no decrease in maximum 

load was seen. The notch damaged carabiner failed at the notch (opposite end to 

the baseline), but only after the nose fractured, again preserving the maximum 

strength of the carabiner. The apparent lack of a plateau in load after the maximum 

indicates fracture occurred quickly. 

To see the effect of damage on the closed gate cases, strain gauges were used on 

the reduced section and compared to an undamaged carabiner. Gauges were 

positioned on the carabiner body at the locations shown in Figure 5-f; one central 

to the inner surface of the spine and another centrally on the large arm. The load-

strain measurements are shown in Figure 5-g alongside results from an FEA model 

Figure 5-e: Closed gate tensile test results of damaged carabiners 
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of the same damaged and undamaged scenarios. The trend shown is that a reduced 

section at the carabiner elbow increases the strain in the spine and the compressive 

strain in the arm (shown by the arrows). A reason as to why such a large difference 

in strain is evident is due to the decreased stiffness of the elbow. The arm is acting 

as a cantilever beam; its end loaded by the gate at the nose. A less stiff arm 

consequently shares less of the total load, producing less compressive strain and 

increased extension of the spine. The shape and slope of the load strain graph also 

indicates plastic deformation above 13kN. At the highest load levels, above 20kN, 

there is a distinct change in the levels of strain. This is mostly due to the 

geometrical effect of large displacement of the arm. The tensile strain is seen to 

increase less readily and the compressive strain shifts from decreasing steadily to 

increasing. These observations describe a steadily increasing load producing 

compressive strain due to bending of the arm, tending towards tensile stress as the 

arm and gate align. At this point the load through the gate increases rapidly as the 

stiffness of the arm changes from bending dominated stressing to axial or tensile. 

This also explains why both damaged and undamaged carabiners’ maximum loads 

were comparable. The less stiff, reduced section carabiner deforms relatively 

Figure 5-f: Location of strain gauges and hardness samples 
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quickly and so reaches the state of large deformation and increased gate loading 

sooner, despite a higher load being transferred through the spine. This is evident in 

the load-strain graph of Figure 5-g as the compressive strain of the damaged 

carabiner begins to rise at a lower applied load. 

To verify these observations an ANSYS Finite Element Model was analysed. The 

geometry was measured manually and a 3D CAD model created using photo 

overlays of the external and cross sectional shapes. Carabiner and gate materials 

were identified as 7075 aluminium alloy and austenitic stainless steel using electron 

Figure 5-g: Strain gauge results 
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beam excitation with a Scanning Electron Microscope in the Strathclyde Advanced 

Material Research Laboratory (results given in Table 3). Stress-strain properties for 

the aluminium body were obtained from a tensile test piece turned from the spine 

of a brand new carabiner. An optical extensometer was used to capture strain 

detail beyond the yield stress to the point of failure. These values were adjusted to 

give a true stress-strain curve. An isotropic material model was expected to be 

reasonably accurate in light of extensive microhardness indentation testing and 

microscopy carried out on the six cross sections indicated in Figure 5-f. Hardness 

did not typically vary by more than 15% across the sections. The results of these 

hardness tests are given in Table 2. After polishing and etching the cross sections 

could be observed under a microscope to inspect the grain size and shape. This 

confirmed that the carabiner was manufactured by a combination of cold working 

of an extruded bar into a D-shape which was then heated and hot forged into its 

final form. Unusually, the depth of the anodized layer could be seen with the 

highest magnification and measured as between 1 and 1.5 µm, still thin enough to 

be ignored. A multilinear model with kinematic hardening was used in ANSYS to 

verify the material response obtained from the turned specimen by reproducing the 

original engineering stress strain curve. Figure 5-h and Figure 5-i show the model 

mesh and strain results for a closed gate carabiner subjected to a monotonic load 

(single pull tensile test) loaded through a pair of rigid pins. The FEA model was then 

able to reproduce the same trend as the two strain gauged carabiners to an 

accuracy of approximately 20%. The maximum stress and strain in the model is 

found at the nose, corresponding with the observed failure location. As mentioned 

previously, strain rate and dynamic effects are ignored, assuming instead quasi-

static equilibrium conditions. Notable sources of error in this analysis are the lack of 

realism in using rigid pins in place of dyneema sling to apply the load, errors in 

reproducing the geometry, the linear elastic model used to for the steel gate and 

error in capturing the plastic stress strain behaviour for the aluminium alloy. The 

model is however useful for analysing the effects of sharp and blunt damage by 

altering the geometry and conducting stress intensity calculations on both closed 

and open gate carabiners.  
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Figure 5-i: FEA model showing closed gate strain 

Figure 5-h. Finite element model of carabiner 
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6 Conclusions 

Scrutiny of the practical tensile test results confirms the notion that climbing 

carabiners are difficult to compromise, requiring large areas of damage to change 

their performance appreciably. The levels of damage seen here are way beyond 

what is ever likely to happen in a real world situation. This should reassure climbers 

that their kit will withstand reasonable wear and tear before any risks become 

evident. That said, this investigation only covers a small sample size for one design 

of carabiner and so does not provide a full enough answer to allow for practical use. 

There are many other conceivable damage scenarios to consider such as damage to 

the gate mechanism, corrosion and fatigue failure as well as the effect of repeat 

loading leading to strain hardening and embrittlement of the aluminium alloy 

material. What has been achieved in this study is an insight into the behaviour and 

response of a climbing carabiner under visible damage. The responses of the 

notched, reduced section and roughened open gate tests demonstrates that 

applying the same load may produce a variety of results depending on many 

complex factors such as surface roughness, stiffness and deformation. The two 

open gate notched tests were distressed in a very similar way yet a slight change 

produced a large variation in measured result- indicating the importance of the 

exact position of a flaw relative to the stress distribution in the carabiner body. The 

closed gate tests monitored with strain gauges also show that the load can be made 

to distribute differently within the carabiner. In some cases, this could plausibly 

reduce the strength of a carabiner should the gate become loaded higher than 

usual, leading to premature nose failure for example.  

Other avenues of interest highlighted in this work are the potential for computer 

simulation in modelling damage to carabiners. The model put forward here could 

be used to simulate a wide range of geometrical alterations such as deep gouges, 

scratches and scoring in the form of increased surface friction coefficients and 

predicting stress intensity at sharp cracks. 
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9 Tables 

Table 1: Summary of results 

Configuration 

/ Number 

Damage 

Status 

Max Load Load at Fracture 

(Plateau Load)  

Failure Location 

Closed Gate 1 Undamaged 25.2kN 5.16kN nose/small elbow 

Closed Gate 2 Undamaged 26.1kN N/A nose/small elbow 

Closed Gate 3 Undamaged 24.5kN 6.01kN nose/small elbow 

Open Gate 1 Undamaged 7.93kN 3.65kN large elbow 

Open Gate 2 Undamaged 7.77kN 3.52kN large elbow 

Open Gate 3 Undamaged 7.59kN N/A large elbow 

Closed Gate 4 1.5mm Notch 24.9kN N/A nose/large elbow 

Closed Gate 5 1.4mm Round 24.9kN N/A nose/small elbow 

Closed Gate 6 Undamaged 24.4kN 5.67kN nose/small elbow 

Open Gate 4 Axial Notch 8.49kN 6.61kN small elbow 

Open Gate 5 1.4mm Round 8.46kN N/A small elbow 

Open Gate 6 Angled Notch 7.03kN N/A large elbow 

Open Gate 7 Roughened 8.80kN 5.44kN small elbow 

 

Table 2: Microhardness indentation measurements 

(A to F are cross sections shown in Figure 5-f) 

HV = Vickers Hardness number 

Y = distance from outer edge  X = distance from centre (mm) 

A B C D 

Y, X=0 HV Y, X=0 HV Y, X=0 HV Y,X=0 HV 

0.2 200 0.2 205 0.2 192 0.5 170 

1 189 1 189 1 165 1.5 165 

2 185 2 194 2 176 2.5 171 

3 192 3 196 3 187 3.5 173 

4 188 4 202 4 176 4.5 174 
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5 180 5 188 5 164 5.5 179 

6 201 6 170 6 194 6.5 173 

7 198 7 176 7 194 7.5 174 

8 195 8 192 8 184 8.5 166 

9 207 9 197 9 189 9.5 173 

10 204 10 199 10 192 10.5 184 

10.8 198 10.8 203 10.8 189   

X, Y=5.4 HV X, Y=5.4 HV X, Y=5.4 HV X,Y=6.5 HV 

1.5 190 1.5 186 1.5 163 4 178 

0.75 188 0.75 176 0.75 167 2 172 

2 192 2 173 2 165 0 177 

-0.75 187 -0.75 174 -0.75 171 -2 174 

-1.5 192 -1.5 189 -1.5 180 -4 178 

X, Y=8.5 HV X, Y=8.5 HV X, Y=8.5 HV X,Y=-3 HV 

2 207 2 194 2 178 4 173 

1 208 1 190 1 181 2 172 

0.25 203 0.25 203 0.25 175 0 173 

-0.5 194 -0.5 202 -0.5 186 -2 175 

-1.25 190 -1.25 193 -1.25 183 -4 168 

E F 

Y,X=0 HV X,Y=7 HV Y,X=0 HV X,Y=7 HV 

0.5 166 4 174 0.5 170 4 169 

1.5 173 3 161 1.5 168 3 170 

2.5 173 2 172 2.5 168 2 169 

3.5 170 1 165 3.5 174 1 160 

4.5 167 0 173 4.5 180 0 167 

5.5 172 -1 170 5.5 171 -1 176 

6.5 167 -2 169 6.5 169 -2 165 

7.5 164 -3 163 7.5 169 -3 178 

8.5 172 -4 171 8.5 174 -4 169 
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9.5 171  9.5 173  

10.5 185 10.5 182 

11.5 166 11.5 174 

12.5 180 12.5 177 

13.5 174 13.5 177 

X,Y=3 HV X,Y=3 HV 

2.25 174 2.25 177 

1.75 169 1.75 176 

1.5 166 0.75 166 

0.75 165 0 168 

0 173 -0.75 164 

-0.75 166 -1.5 172 

-1.5 167 -2.25 165 

-2.25 165   

 

Table 3: Constituent elements of carabiner body and gate 

7075 Aluminium Alloy Austenitic Stainless Steel 

Element Weight (%) Atomic (%) Element Weight (%) Atomic (%) 

Magnesium 2.19 2.56 Iron 69.51 67.52 

Aluminium 89.32 93.74 Silicon 1.54 3.72 

Copper 2.07 0.92 Nickel 7.98 7.37 

Zinc 6.41 2.78 Chromium 19.04 19.86 

   Manganese 1.55 1.53 

 


