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Re: Warn Winch Testing 

Subject 

Testing of the Warn XD9000i 4.6 hp winch under laboratory and field conditions 

Background 

Mr. Richard Aho of Mile Marker, Inc. (Mile Marker) contacted Applied Technical Services, Inc. (ATS) on 24 August 1999. Mr. Aho requested that ATS conduct testing of the production model XD9000i winch manufactured by Warn Industries, Inc. (Warn). Mr. Aho made arrangements to have a new XD9000i winch as well as several spare motors and steel wire ropes shipped from Warn resellers directly to ATS in October 2000. Mr. Aho shipped a Warn HS9500i winch to ATS as well so that limited testing could be performed on that winch as well.

Objective 

Test the Warn XD9000i and determine its mechanical and electrical operating limits, also the unloaded stopping distance required by the XD9000i and HS9500i. 

Conclusions 

· When pulling at or near its advertised rated capacity of 9000 lb., the Warn XD9000i winch’s wire ropes failed consistently. 

· The wire rope failures on the XD9000i winch occurred at loads ranging from 72% to 103% of its advertised capacity. 

· Based on standard industry calculation methods, the design breaking strength of the wire rope supplied with the Warn XD9000i winch was approximately 10% less than the winch’s advertised rated capacity.

· The recoil from a sudden and unexpected wire rope failure could result in death or serious injury to the winch’s users or bystanders. A wire rope failure during winching could also cause the user to lose control of the vehicle. 

· The XD9000i was unreasonably dangerous because the user or by standers would be exposed to the hazards produced by the failure of the wire rope with no prior indication that the winch had been overloaded. 

· The Warn XD9000i winch failed to make a single continuous pull of a nominal 6000 lb. load lasting more than 3 min. without stalling the winch motor. 

· When repeatedly operated to full stall and allowed to cool after stalling, the Warn XD9000i winch failed to pull a nominal 6000 lb. load for more than a total combined time of 6 min. prior to electrical failure. 

· Warn did not incorporate any automatic circuit protection device into the XD9000i winch system. The XD9000i winch relied solely on the user to determine when the winch motor or relays had been overloaded.

· The retrieval tests demonstrated that the average unloaded stopping distance was 16.5 in. for the XD9000i and 40.8 in. for the HS9500i.

Testing 

A new 2000 year model Warn XD9000i equipped with a 4.6 hp motor was shipped directly to ATS from a Warn dealer. See Figure 1 and Figure 2. The winch was unpackaged and subjected to a series of tests under a variety of load conditions. Each test was performed using the following general methods unless otherwise noted: 

· The wire ropes on the winch for these tests were new 5/16 in. diameter 7x19 galvanized wire ropes procured from Warn. 

· The wire ropes were marked with orange spray paint at 5 ft. intervals along their length so that their speed could easily be measured. 

· At the start of each test, the wire rope was spooled off of the winch drum until only half of the bottom layer remained on the drum. See Figure 3. 

  

Testing Performed on Mechanical Brake 

For the first set of tests, ATS mounted the winch into a mechanical brake apparatus provided by Mile Marker. The free end of the wire rope was wrapped onto the brake drum of the mechanical brake so that loading could be applied to the winch. The load on the winch was controlled by adjusting the pressure on the brake drum of the mechanical brake. See Figure 4.
For the purposes of these tests, ATS modified and instrumented the mechanical brake as follows: 

· The output signals for all instruments were connected to a data acquisition unit. 

· Electrical power for the winch was supplied by two 12-volt car batteries in parallel. These batteries were supplemented during testing with a 200 amp battery charger during actual winching. A 0-1000 amp. ammeter was used to measure the winch’s current draw. 

· The brake drum of the mechanical brake was shackled to the base of a 10,000 lb. load cell. 

· One J-type thermocouple was attached to the outside of the motor case. A second J-type thermocouple was mounted near the data acquisition unit to measure the ambient temperature. 

· The test brake was instrumented with a 0-2000 psi pressure transducer to monitor the pressure on the brake drum so that the applied load could be manually controlled.

· Each instrument was calibrated prior to the testing. 

2500 lb. Pull Series 

ATS performed a series of 15 test pulls to evaluate the winch’s ability to pull a 2500 lb. load for a distance of 30 ft. The results of this test series are shown in Table 1. 

Table 1. Results of 2500 lb. Pull Series
	Test Pull Number 
	Line Speed, ft./min. 
	Max. Wire Rope Load, lb. 
	Avg. Wire Rope Load, lb. 
	Max. Motor Current, amp. 
	Max. Motor Temp., °F 
	Time to pull 30 ft., min. 

	1 
	10.8 
	2800 
	2559 
	261 
	99 
	2.73 

	2 
	12.0 
	2518 
	2167 
	278 
	121 
	2.53 

	3 
	13.8 
	2430 
	2174 
	370 
	137 
	2.22 

	4 
	12.6 
	2616 
	2313 
	377 
	154 
	2.35 

	5 
	10.8 
	2599 
	2235 
	303 
	167 
	2.73 

	6 
	13.8 
	2686 
	2223 
	282 
	109 
	2.26 

	7 
	13.8 
	2573 
	2290 
	264 
	129 
	2.18 

	8 
	16.8 
	1810 
	1559 
	213 
	142 
	1.78 

	9 
	15.0 
	2492 
	2239 
	264 
	157 
	2.17 

	10 
	13.2 
	2661 
	2390 
	289 
	170 
	2.29 

	11 
	12.6 
	2705 
	2397 
	289 
	188 
	2.37 

	12 
	13.2 
	2576 
	2277 
	273 
	201 
	2.27 

	13 
	12.6 
	2571 
	2224 
	280 
	210 
	2.35 

	14 
	13.2 
	2618 
	2323 
	279 
	212 
	2.29 

	15 
	13.2 
	2599 
	2309 
	276 
	214 
	2.32 


75% Capacity Pull Series 

ATS performed a series of pulls to evaluate the winch’s ability to pull 75 % of the 9000 lb. advertised capacity. See Figure 2. The target load for this series was 6750 lb. The results of this test series are shown in Table 2.

Table 2.Results of 75% Capacity Pull Series 

	Test Pull Number 
	Line Speed, ft./min. 
	Max. Wire Rope Load, lb. 
	Avg. Wire Rope Load, lb. 
	Max. Motor Current, amp 
	Max. Motor Temp., °F 
	Time To Pull 10 ft., min. 

	1 
	unknown1 
	7924 
	7275 
	485 
	135 
	unknown1 

	2 
	5.4 
	6365 
	5902 
	476 
	129 
	1.95 

	3 
	6.9 
	6536 
	5940 
	471 
	130 
	1.45 

	4 
	5.8 
	6193 
	5753 
	543 
	172 
	1.72 

	5 
	3.8 
	6659 
	6203 
	650 
	205 
	unknown2 

	6 
	unknown1 
	7030 
	6547 
	534 
	99 
	unknown1 


ATS experienced several failures during this series of test pulls.  

· During Test Pull 1, the wire rope failed at a load of 7924 lb. See Figure 5.  

· During Test Pull 3, a battery cable on the test brake failed after the winch had pulled approximately 10 ft.  

· During Test Pulls 5 and 6, the winch motor stalled less than 5 ft. into the 30 ft. pull distance. 

50% Capacity Pull Series
ATS attempted a series of pulls to evaluate the winch’s ability to pull 50% of the 9000 lb. advertised capacity. The target load for this series was 4500 lb. The results of this test series are shown in Table 3. 

Table 3. Results of 50% Capacity Test
	Test Pull Number 
	Line Speed, ft./min. 
	Max. Wire Rope Load, lb. 
	Avg. Wire Rope Load, lb. 
	Max. Motor Current, amp. 
	Max. Motor Temp., °F 
	Time to Pull 70 ft., sec. 

	1 
	6.0 
	4854 
	4276 
	815 
	143 
	unknown 


During the first test pull, the winch pulled approximately 10 ft. and then stalled. After the stall the winch would no longer operate in the spool-in direction. ATS removed the motor from the winch housing and examined the motor. The interior of the motor was coated in what appeared to be sooty deposits, so the motor was replaced. See Figure 6. After the motor replacement the winch would still not operate in the spool-in direction. A second examination revealed that the relays that control the power to the winch motor had failed, stopping the flow of power to the winch motor. See Figure 7.  

This test was suspended due to the immediate unavailability of spare parts.After spare parts had been procured, ATS replaced the failed relays but elected not to continue the 50% capacity test. 

1 The wire rope failed before it covered the first 5 ft. interval.
2 The winch stalled after covering the first 5 ft. interval and prior to reaching 10 ft.
Constant Load, Pull-to-Stall Series 
ATS performed a series of five test pulls in which the winch was subjected to a 6000 lb. continuous load until stalling. After each stall the winch was allowed to cool to the touch, at which time the next pull would commence. For this test the wire rope was not reset to the bottom layer after each test.Instead it was allowed to accumulate as if attempting to winch a vehicle in the field. The results of this test series are shown in the Table 4. 

Table 4 .Results of Constant Load, Pull-to-Stall Test on Mechanical Brake 
	Test Pull Number 
	Distance Pulled, ft. 
	Line Speed, ft./ min. 
	Max Wire Rope Load, lb. 
	Avg. Wire Rope Load, lb. 
	Max Motor Current, amp. 
	Beginning Motor Temp., °F 
	Motor Temp @ stall, F 
	Motor Temp.5 minutes after start, °F 
	Time to Pull to Full Stall, min. 

	1 
	17.0 
	6.48 
	6470 
	5888 
	772 
	79 
	122 
	164 
	2.62 

	2 
	8.0 
	7.41 
	6174 
	5727 
	841 
	142 
	151 
	181 
	1.08 

	3 
	5.0 
	5.05 
	6296 
	5684 
	829 
	146 
	152 
	179 
	0.99 

	4 
	3.0 
	3.16 
	6116 
	5340 
	842 
	140 
	146 
	174 
	0.95 

	5 
	0.0 
	0.00 
	1052 
	1052 
	313 
	144 
	144 
	144 
	0.13 

	6 
	14.5 
	6.81 
	6628 
	5749 
	764 
	76 
	106 
	144 
	2.10 


The test series was concluded when the relays again failed during Test Pull 5. The cumulative winch operation time prior to the relay failure was less than 6 min. ATS replaced the relays and the motor and completed the test series with one final pull to stall. 

Upon completion of Test Pull 6, ATS allowed the winch to cool and determined that the winch was still operable. ATS made no attempt to evaluate damage to the components after being exposed to a 764 amp. current during Test Pull 6. 

Testing Performed on a 1987 F-150 Pickup in Laboratory
For the second set of tests, ATS mounted the Warn XD9000i winch to a 1987 Ford F-150 Extended Cab pickup truck (F-150). These tests were conducted inside ATS’ Marietta, Georgia laboratory. See Figure 8. To reach the required loads on the smooth concrete floor, an 8000 lb. capacity forklift was chained to the rear of the F-150. The end of the wire rope was hooked to the load cell, which was anchored to a steel pole set in concrete. The F-150's battery was new and had been charged prior to the test. All other instrumentation was configured in the same manner as the tests performed on the mechanical brake. 

Constant Load, Pull-to-Stall Series
With the winch mounted on the F-150, ATS repeated the Pull-to-Stall test series performed on the mechanical brake. The truck's parking brake was applied.After the winch was started the forklift's brakes were modulated to control the load at the target of 6000 lb. Each of the five test pulls was made in succession without resetting the wire rope to its starting position. The vehicle's engine was not running during this test. The results of this series of tests are shown in Table 5 

Table 5.Results of Constant Load, Pull-to-Stall Test on F-150 

	Test Pull Number 
	Total Distance Pulled, ft. 
	Line Speed, ft./min. 
	Max. Wire Rope Load, lb. 
	Avg. Wire Rope Load, lb. 
	Max Motor Current, amp. 
	Beginning Motor Temp, °F 
	Motor Temp @ Stall, °F 
	Motor Temp 5 minutes after start,°F 
	Time to Full Stall, min. 

	1 
	15.0 
	6.40 
	7240 
	5472 
	696 
	78 
	111 
	150 
	2.36 

	2 
	2.5 
	5.31 
	6051 
	5443 
	656 
	141 
	138 
	148 
	0.47 

	3 
	1.5 
	3.51 
	6587 
	5680 
	743 
	145 
	146 
	154 
	0.43 

	4 
	1.0 
	3.15 
	7046 
	5685 
	707 
	148 
	148 
	152 
	0.32 

	5 
	1.0 
	2.98 
	6308 
	5582 
	635 
	136 
	139 
	144 
	0.34 


Test Pull 5 concluded when the motor relays failed, rendering the winch inoperative. The total winching time prior to the failure was less than 4 min. resulting in a total pull distance of 21 ft. At the conclusion of the test the F-150 battery’s remaining capacity was approximately 700 cold cranking amps at 11.5 - 12.0 V with a high resistance load applied.

Maximum Load Pull to Failure Series
ATS performed a series of four test pulls to determine the maximum load that could be reached with the winch, and to identify the limiting component.The following preparations were made for each test: 

· The F-150’s engine was run at high idle. 

· The brakes on both the F-150 and the forklift were locked. 

· New wire ropes were installed on the winch. 

In each test pull, the winch was run continuously until some type of failure occurred. See Figure 9. During Test Pull 1 the F-150 slid across the floor, relieving the load on the wire rope. Therefore the maximum load was not reached.The F-150 and the forklift were chained to the building structure and the testing was resumed. On the Test Pulls 2, 3 and 4 with the F-150 fully restrained, the wire ropes failed. The results of this series of tests are shown in Table 6. 

Table 6. Results of Maximum Wire Rope Load Test Series 
	Test Pull Number 
	Max Wire Rope Load, lb. 
	Max Motor Current, amp. 
	Time To Pull To Failure, sec. 
	Comments

	1 
	8108 
	522 
	N/A 
	Truck slid, no wire rope failure

	2 
	8636 
	546 
	14.0 
	Rope Failed

	3 
	9255 
	594 
	10.0 
	Rope Failed

	4 
	8597 
	559 
	12.5 
	Rope Failed


Field Testing Performed on a 1987 Ford Pickup Truck 

ATS performed a series of four test pulls with the winch mounted on the F-150. These test pulls were performed under field conditions at a test site built specifically for testing the winch. Prior to the beginning of the field testing, the winch’s motor, relay set and wire rope were replaced with new components.At the start of each test pull, the F-150 was placed on a 30-degree incline with the wire rope anchored to a Caterpillar front-end loader. Each test pull consisted of one attempt to winch the truck up the slope. See Figure 10 Each test pull was attempted under different loading and/or operating conditions for the F-150.The loading and operating condition variables for each test pull are shown in Table 7, and the results of this series of test pulls are summarized in Table 8.

Table 7. Setup for Field Testing 

	Test Pull Number 
	Payload, lb. 
	Number of Occupants 
	Fuel Level 
	Engine Speed, rpm 
	Transmission Gear  
	Parking brake, on/off 
	Service Brake, on/off 

	1 
	0 
	1 
	full 
	750 
	N 
	off 
	off 

	2 
	2000 
	1 
	full 
	1200 
	D 
	off 
	off 

	3 
	2000 
	1 
	full 
	2000 
	N 
	off 
	on 

	4 
	2000 
	1 
	full 
	2000 
	N 
	on 
	off 


Table 8. Results of Field Testing 

	Test Pull Number 
	Successful Pull to Top of Incline? 
	Comments

	1 
	N 
	Battery clamp failed stopping winch

	2 
	Y 
	Pulled entire length of hill with transmission assistance

	3 
	N 
	Wire rope failed at 6500 lb. load approximately halfway up slope

	4 
	N 
	Winch relays failed and winch failed to completetest pull.


The first test pull was halted when a battery clamp failed, stopping the flow of electricity to the winch.In two of the three remaining test pulls, the Warn XD9000i failed to winch the truck up the slope. On the third pull, the wire rope failed at a load of 6500 lb. On the fourth pull, the winch’s motor stalled and would not restart due to failure of the relay set.

Winch Stopping Distance 

The Warn XD9000i and the HS9500i were tested to determine the distances required to stop after the release of the power switch. The winches were mounted to a shipping pallet and power was connected. A 10 lb and a 50 lb weight were used for drag on the wire rope during retrieval. The weights were retrieved across a smooth finished concrete floor. The loading conditions and results are shown in Table 9. 

Table 9. Winch Stopping Distance 

	Test Pull Number 
	Winch Model 
	Weight Pulled, lb. 
	Length of Rope Pulled after Release of Power, in. 

	1 
	XD 9000i 
	10 
	17.0 

	2 
	XD 9000i 
	10 
	17.5 

	3 
	XD 9000i 
	10 
	16.0 

	4 
	XD 9000i 
	10 
	19.0 

	5 
	XD 9000i 
	10 
	16.5 

	6 
	XD 9000i 
	50 
	16.5 

	7 
	XD 9000i 
	50 
	15.0 

	8 
	XD 9000i 
	50 
	16.0 

	9 
	XD 9000i 
	50 
	17.0 

	10 
	XD 9000i 
	50 
	16.0 

	11 
	HS9500i 
	10 
	35.0 

	12 
	HS9500i 
	10 
	39.0 

	13 
	HS9500i 
	10 
	38.5 

	14 
	HS9500i 
	10 
	41.0 

	15 
	HS9500i 
	10 
	46.5 

	16 
	HS9500i 
	50 
	40.5 

	17 
	HS9500i 
	50 
	36.0 

	18 
	HS9500i 
	50 
	41.5 

	19 
	HS9500i 
	50 
	44.0 

	20 
	HS9500i 
	50 
	46.0 


The retrieval tests demonstrated that even after the release of the power switch the XD9000i continued to travel an average of 16.5 in. The HS9500i traveled an average of 40.8 in. after release of the power switch.  

In order to determine the difference between the gear ratio of the XD9000i and the HS9500i, the gear trains were examined. The gear ratio for the XD9000i was determined to be approximately 156:1, and the gear ratio for the HS9500i was determined to be approximately 31.5:1.

Analysis

Wire Rope Calculations
ATS calculated the design breaking strength of the XD9000i winch’s 7x19 wire rope using standard industry methods found in the Third Edition of the Wire Rope Users Manual (WRUM) [1]. Excerpts of WRUM used in these calculation are provided in Appendix A. The following calculation methods were used: 

1. Nominal strengths of a variety of wire ropes were published in the WRUM. These nominal strengths “have been calculated by a consensus, industry-accepted procedure, and manufacturers design wire rope to these strengths.” Table 35B of WRUM listed the nominal strength of 5/16 in. diameter 7x19 galvanized wire rope as 9800 lb. 

2. The actual strength of the wire rope may be as much as 2*% less than the published nominal strength and still satisfy the “minimum acceptance strength” as described on page 89 of WRUM. Applying this reduction to the nominal strength, the minimum acceptance strength of 5/16 in. diameter 7x19 galvanized wire rope would be 9555 lb. This figure represents the weakest wire rope that could be manufactured and still be considered acceptable under industry guidelines. 

3. Bending a wire rope over a drum, pin or sheave reduces the wire rope’s strength. The ratio of its actual strength under bending conditions to its nominal strength is called the efficiency. The reduction is a function of the ratio of the drum diameter (D) to the wire rope diameter (d). Figure 38 on page 58 of WRUM correlates the D/d ratio to the efficiency of the wire rope. For the XD9000i winch, the D/d was calculated to be 8 which correlated to an efficiency of approximately 84%. Therefore, the design breaking strength for the wire rope on the XD9000i winch would be 84% of 9555 lb., or 8030 lb., even though the winch purportedly was rated for 9000 lb. 

4. The design factor for a wire rope is defined as the ratio of the strength of the wire rope to the total load that it is expected to carry. According to page 60 of WRUM, a design factor of 5 is typical for most wire rope applications, though larger design factors may be used if there is a danger to human life. The design factor for the wire rope on the XD9000i winch was 0.89.

Wire Rope Failure 

Warn cautioned in their operators manual that the winch’s rated capacity should never be exceeded. The calculated breaking strength for the XD9000i winch’s 5/16 in. wire rope was well below the winch’s 9000 lb. rated capacity, indicating that the wire ropes would be expected to fail before reaching the winch's rated capacity. The XD9000i winch could generate sufficient load to fail the wire rope within a few seconds. During ATS’ testing, new and lightly used wire ropes did fail at less than the XD9000i winch’s 9000 lb. rated capacity. In fact only one of the five wire ropes that failed during ATS' testing actually exceeded the rated capacity, and then only by 255 lb. 

Failure of wire ropes is a known hazard which can result in the sudden and unexpected release energy in the form of a fast-moving wire rope. The winch did not conform to the principles of a fail-safe design, which require that if a product fails it should avoid sudden releases of energy which could result in injury or death to the user or to foreseeable bystanders. The failure of an unguarded wire rope should never be the load-limiting factor in a properly designed winch system. Any winch should be designed so that it simply stalls or slips before an otherwise undamaged wire rope could fail. 

Warn knew or should have known that wire rope failures could lash back with tremendous energy. Yet, the XD9000i winch motor had no load-limiting features to prevent the wire rope from being rapidly overloaded to failure. Warn also knew or should have known that design breaking strength of the wire rope supplied with the XD9000i winch was almost 1000 lb. below the winch’s advertised capacity. 

The design of the Warn XD9000i winch is defective and unreasonably dangerous. The design of the winch should be altered to eliminate the defects and protect the users and bystanders from the hazards presented by sudden failure of the winch’s wire rope. 

Electrical Failure 

In tests where the wire rope was not overloaded to failure, the electrical system of the XD9000i repeatedly demonstrated a propensity to fail. The winch was not equipped with any kind of electrical overload device such as a fuse or circuit breaker to prevent damage to the winch’s electrical components. Instead, the winch ran until the motor or the relays failed. 

Warn recommended in the Operator’s Manual that during winching the user occasionally touch the motor to make sure it is not too hot. Relying upon the user to determine whether a product has been overloaded is never a good design choice when reasonable and inexpensive alternative designs or guards could be used instead. This is particularly true when the user could potentially be injured, in this case burned, while making the assessment.

The technology for circuit overload protection is as old as the use of electricity in industry and easily could have been applied to the electric winch. The use of a circuit breaker or similar electrical overload device would give the user proper warning that the winch was being electrically overloaded. It would also protect the winch by turning it off automatically, without relying on the user to make a subjective interpretation of how hot is too hot and without exposing the user to possible injury. 

References 
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Figure 1.Warn XD9000i Winch as Received from Dealer
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Figure 2. Warn XD9000i Winch Specifications 

Arrow points to line indicating the pulling capacity of the winch on the first layer. 
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Figure 3. Warn XD9000i 4.6 hp. Winch 

Arrow points to the wire rope spool on the winch with half the bottom layer filled prior to the beginning of a test pull. 
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Figure 4. Test Brake Apparatus 
Arrow points to the wire rope spool on the winch with half the bottom layer filled prior to the beginning of a test pull.
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Figure 5. Failed Wire Rope on XD9000i Winch
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Figure 6. Interior of Winch Motor 

Arrow points to area of black soot deposits.
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Figure 7. Failed Relays on XD9000i Winch
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Figure 8. Warn XD9000i Winch Mounted on 1987 Ford F-150 Pickup Truck
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Figure 9. Wire Rope from XD9000i Winch Failed from a Single Pull
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Figure 10. Starting Position for Winch Field Testing
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