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Dear Colleague:.

'Please be advised of the following correction in text of paragraph 1 on page 56 of California
Report No. CA/TL-80/05 entitlied, “FIELD TESTS AND EVALUATION OF ROCEKFALL

RESTRAINING NETS.”

As shown in report: .

The axes of rotation were determined from the videos and slow motion films. I was observed
during the 80 rock rolls that, in most cases, rocks revolved around the shortest axis for the
first 150 feet. As rock velocity increased, rocks then revoived around their longest axis,

Under similar conditicns, the.long axis should be used in anguiar XE calcnlations. Detagfied
analysis of this occurrence is beyond the scope of this report, but will be nvestigated in future

reports.

%

Should be:

The axes of rotation were determined from the videos and slow motion films. I was observed
during the 80 rock rolls that, in most cases, rocks revolved arcund the longest axis for the first
150 feet. As rock velocity increased, rocks then revolved around their shorfest axis. Under
similar conditions. the longest dimension should be used in angular KE calculations.

Detailed analysis of this occurrence is beyond the scope of this report, but will be investigated

n future reports. .
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The purpose. of this research project was to construct, test, and evaluate the effectivenessiof rockméts
that-will be used to mitigate rockfall hazards at selected sites in Cabifornia. “Alf aspectsiof the nstalla: -
tion and performance, including field repair ‘and-cleaning, were ‘evaluated-and documented on video

tape T T T T O g e I NITE TR RNl N e

Rockfall problem areas were identified along approximately 3000 miles of Califorsiia: highways in-a.
rockfall mitigation study.conducted by the Transportation Laboratory (4). It-was-concluded during the
1985 study that rolling: rocks wp: to two- feet in diameter may be restrained by wire meshifence, ..
commonly known as “chain link” fen‘ce. However, restraining. devices «0f 1his dype frequently suffer
severc damage. It therefore became apparent during this initial study of rockfall mitigation thar a "rock
fence” or rock net-designed to withstand much: greater forces than the conventional chain link fence 7
was needed toicontrol-large rockfall events. -Such rock-and snéw structures:designed to-protect rail-.:
roads, highways, ‘monntain communities;-and ski Ffacilities -Have been-in-muse for mnany-years-in .
Switzerland and France. Sk e WL TR D e ;::,;.fz-:’:“:s.té T e
Brugg:Cable:-Products;:Inc., of Switzerland, developed-high-impact wire:ropernet:systems. during ‘the -
early 1950s for protection from-snow avalaiches androckfalls A patented Braking device, désignedito .
dissipate high-impact-energics; was:developed-and incorporated in their-systems in-1975:-The brake
system dissipates energy through friction and can be adjusied to dissipate different levels of epergy.
Brugg tested the syster by dropping a 2200-pound concrete block 63.6 feet onto a net secured hori-
zontally 10 2 heavy steel frame. Heierli (3) described these easly-effortsbyBrugg and othersin a paper
presented at the 1st International Meeting about the dynamics of rockfalls and efficiency of protective
systems at the Institute-ob Models: andSmuresmBervamo, Traly. e e e Y

L b ear memwaeen as i e P A AP e - PO P i e - o

The Industrial EnterpriserCorporation developed a rock:restraining system in.the 1960sto protect -
facilities such as power:plants and transmitter Tines: - Their patented - braking devices were developed™
under the direction of the Technical Equipment Center of Bron.: Initial testing used 4 75-foot jib-¢rane -
and 2 swinging one-tor concrete test block. More recent testing used a concrete block that slid down

an inclined cable and was released prior to impacting the rock net.

Apparently little, if any, actual ficld testing has been done where large boulders were rolled down
natural slopes into rock nets. Thercfore, little it known about the effects of rotational energy on

individual components. Because available detailed data on the construction, performance, repair, and



general maintenance of rock nets is not available, the decision was made to conduct our ows tests and

g

evaluations prior to-installation of an actual project,. T TV

An excellent test site was selected on Coastal Highway T in Monterey County between Big Sur and
Sari:Simeon. It consisted of:a: 256-foot;. 34-degree;-unbroken’ slope: freer of heavy vegetation; with a”
relatively flatiarea-at-the Base for installation:of therock nets.: The §iteris below’ the existing 'fh“?g’ﬁ'v:ray a

and free of foot: an&whmnlm*:tmﬂic. Local maintenance-forces provided an ample supply’ of various'

sized boulders and personnel to assist in the construction and testing of the rock nets. RN

Robert Thommen; Vice President and'General Manager of the: Santa-Fe, NewMexico office of Bruge ™
Cable Products of Switzethand, provideda rock:net-fortesting (éss-the:structural posts) and the tech-
nica} rassistance necessary-£0: construct their:system, - "ERig system was ‘constructed arid’ tested by"
Caltrans. persenneB oxfrkuguﬂ SwhrouvbAwgawlﬁ 3989 ~ o
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Baring;%ﬁi“e;:msﬁiig; ivwasfound that some-componentsrrequired: excessive maintenance whendoss o
design load rocksimpacted-thenets. - Brugg subsequently pmvidc&*a&diiicnai’wnﬁs;:Witwrcdésigxima&
comiponents - to'dessen muaintenance. »Fhe - mewly-designed-rock ‘ver: was.constructed and-testéd on-
November 13 through November 16; 1989 at the same: test site. Care L e e

Atthistimhe; Alaie-Lazard; Director of Diversified: Ski‘Servicescof Squaw Valley, and the United States’™
representative of Industrial Enterprise: of Paris, France, provided theircomplete rock net fer'ﬁesﬁnv*aﬁ» -
this:site. 'I'hezrsystem was-constructed and tested-on Decemberd; ﬁarough Pecember 7, 198%
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«. Definition ofa RockéRestrafningNet o 2 0% L 70 1 Lo L e S

L L ISR L SR P AP AR b SRR PEF LIRS O S S PR R (AN EES B E
For purposes of this report, a "rock restrafning:net® i-defined:as rockflliprotective device-engincered:
to-stop large rockfalls. The system consists of rectangular panels of woven wire rope vertically
supported by steel: posts. and-designed with: Frictional brake eléments-capable of ‘absorbing:and
dissipating high energies.  Both restraining systems utilize woven wire rape"whxch“has a fher-core
grev:dmg greater fiembﬁny thaniconventional steei corecable

e da e

tJ
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CONCLUSIC}NS

B - v T
e " o T S 25
Lo et Vo Suest an =

. Des:gn load rockfaiis were effccnvely stopped by both rock nets., .

" Repair.and cleaning is required and can be done guickly.and safely with equipment readily avail-
able at all maintenance stations.

" Modifications i design of both systems can be madg to seducesepair. - ..
* Brugg net panels deflected downslope as much as six feet under design load. . . .
el el . B B = SRR T L O T o BRI N n L i
* Elnct panels deflected downslope as much as 12 feet under design Ioad.
RerRR v mens T oo L ey I Y PV S B R S B Rl

= The EI net system requires amore Spacc than lhe Brugg system to accommodate. downslope

anchors.

Sev, waey s g, [ e ‘,.‘- “,‘" T R R e ,’~_,._‘ PoUET ppemde g emon o -

At R Nt B o Peiakd

. Cham lmk mesh is an mtegxal part « oi Lhc .net deszgn. 'I,'he mesh prevents smail rock ffagmcnts
from passing through the net and reduces localized net damabe.

Pobatre ed e d e AT LR SNSRI Coaiens T e med B S Pl { MO N
AR S B - ; : Laesto, - .

> Wire twists work more effectxvely than hoﬂ rings for attachment of Ihe cham hnkfencugg to.the net
pancls.

3
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* Brugg’s 2 mm mild stcei net, fasteners frequently fazied below 70 fi tons of encrgy with and without
the fencing. Broken fasteners were replaced with wire rope clips.

it aie Sy - e BLSINVENE ST A R ar el 1 T Y, TR T B
e EE B

. Brugg’s 25 mm mdd si:eci and spring steci net fastencrs parformcd Weli 1 upto. desggn loads.

B T AT FR e RN

*  EPsnet fasteners did not fail but required some repositioning after impact.

e e e e *E B R TR B phicmmy ot Gk e e PO

. Pamal connection of Bmgg s-netpanel to tb.e posts dureczed energy to the net, panel COTners. -

. Brugg s 5/ ié—xnch Wwire rope iacmg occasxonaiiy faxicd at éesxgn ioad in the ﬁxed €orners where the
lacing was triple twisted.



* Brugg’s 3/8-inch-diameter lacing cabic perf,ormed weii, bat its use resuited in failure at design load
of the net strands inthe corners BYITLL A

* Failure of Brugg’s net panel strands and wire repe lacing ooulé have been rednced by attachmg all
the ends of the lacing cable to the 3j4ndh ‘perimeter wirerope; 77 iR = '

Wo’f“ﬁ?s “nét’ parich to” the 578 nchidiameter 1 pemneter ‘wire mpe was eff“

s
R L

worked well.

ET's connection between adjaiéitnet panelérequired replacement after aeszgﬁ oad mpacts.

All of the penmeter*ﬁ”re Fopes gw‘wm: topes and dnchor wire' ro;;es wére propeﬂy §568 and
worked well.

Do o b L kel D A D SO S0 . St T oL

‘Brugg’s friction brakes rarely activated. As a result, the energy which should have becm dzssupated
- bythe brakes was transferréd to: Weﬁ‘kercomponentsf‘w'hsz failed &r were dantaged. = ’
* Taproving Brugg's friction brake emergy dissipation and reducing net component damage and
Hgilive-canbe alcomphished ?éywredacmgﬁrake"tensﬁe‘smfengtﬁfby‘S@%P{AppmaifC) & )

REUET S . At
St '\n!j F RN »ms AR 10 TR A s e,;:‘ S IO TR

Heavily torqued friction brakes and minimal friction surface of the Bmgg friction bral\es caascd

" ).Y?

pmanenf’*ﬁ:sforﬁmr S the i Tope tpon braks achivation, requiting replacement.

T .&_‘\

A

. Labomtory testing of Brugg friction brakes suggests that reducing tcm;:ze and mmmng fnctxon
“SiHfactarea willréduce ‘Bxsfomon*tothef‘dcgreeihaﬂheymbemused. A )
e Bt SAPRIVE IER R P IP PANR B AN RN AP
= EPs friction brakes were effective in' dissipating energy, bat activated so easily that the nets sa,_,gcd
oonsﬁérabl’y’evenn?fér a'Single Gesignioad tmpact.” ‘Excéssive Sapging; ‘Bécause of the Iong*fncnon
“brake tails, preatly reduced rock catchment area.

s gy
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* Net sagging in El’s system could be greatly reduced by shors:enmg brake tail length by 50% and
incréasing “fFiction “brake tensis “st’rengt?x‘by as ‘much - as100%. - ”‘S‘upporr “for “this ‘estimate is
provided by dynamic load analysis {Appendzx C} This analysxs predicts that an increase in brai\c

- tenileStréngth Will nét 1oad'the net strands to the pomt of filure. *



+ EI’s support posts were damaged below design load mnpacts requiring repair and/or replacement.

»  Both foundation anchor designs provided adequate support to the net system.

. ~ EFs post base szipport cable required replacement below design load impacts.
. * Anchor foundation locations can be offset two to three feet to accommodate difficult drilling
conditions.

*  Proper selection of 2 rock net requires a detailed site investigation.




RECOMMENDATIONS

The foliowing recommendations are intended to serve as a guide to reduce maintenance on rock nets
designed to contain 70 fi-tons of energy.

Proper selection and design of rockfall mitigation measures should be based on a detailed site
iavestigation.

The Brugg 2.5 mm mild steel net fasteners are recommended for use with their system.
Chain link fencing attached to the net panels with wire twists is recommended.

All attachments of the Brugg net panels should be made exclusively to the perimeter wire rope and
adjacent panels rather than partially to the posts.

When lacing is used to attach Brugg net panels, 5/16-inch wire rope lacing should be used to
mitigate net panel failure.

Brugg 3/4-inch friction brake tensile strength should be reduced by approximately 50% to reduce
repairs.

Industrial Enterprise 5/8-inch friction brake tensile strength should be increased by approximately
100% to reduce excessive sag.

Industrial Enterprise support post strength should be increased to that of an W8 x 48 steel post t0
- ¢himinate the need for post replacement. |

Attachment between individual Industrial Enterprisc net panels should be strengthened to reduce
repair.



IMPLEMENTATION

Implementation of knowledge obtained during this project has already begun by reviewing rockfall sites
in the districts where wire rope restraining systems might be a viable mitigation measure. The report
will be distributed to all Caltrans Districts and to other agencies, states and countries that have indi-
cated an interest. Consultation with personnel engaged in designing rockfall mitigation measures has
occurred and is expected to increase. Specific sites have also been investigated at the request of district
personnel engaged in the design of slopes in areas subject to rockfall.

The instructional video tape on the installation and maintenance of the rockfall restraining nets tested
during this project will be shown to district maintenance and design personnel throughout the state.

Design procedures are being developed based on this research which will be used to develop standard
spectal provisions for implementation statewide.



i
S

FRVIREEY

Ceonstructior Technigues, Problems, and Soiutxen"s“ Brugg

e

v«lkf

Efevem-gagc chain link- fencmg matezzfa}%wa_ _used«to cover each panel on the ups}ope side of the net.
The ¢hain tink was attached to the wevd wire pancls mth hog rings at appronmateiy one-foot intervals

Eacii" pancl is connected wire rope (m:mmum tensile

\

straqgth 48,160 pounds) by 5/1@1 ‘ 'wﬁc mp& Iacmg {Photo 6) which passes “through the post™
fittings and 15 sec:nred bya sm,,le U-bolt wxre xope chp The perimeter wire rope is fitted at the top

and bottom of cach“panci with a smgic fncmm brake: wh:ch has a mlmmum tenszle streugth of 44,800
pounds. '

Friction brakes consst of“af@f‘oét (1.5 m) loop in the cable secured with a hca'ﬁ;r {riction clamp and
four bolts (Photo 7). The bolts are tightencd to a specificd torque to provide the desired tensile

" Description of a Brugg Reck:i{esﬁa“i”w}System i e e
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Photo 1.

VIEW OF B
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Photo 2. BRUGG :B@OK,NET ASIT AF’PEARS 'FROM ROADWAY GRADE
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Photo 3. CLOSE-UP OF BRUG WOVEN WIRE ROPE NET SHOWING
GRID SPACING;NET FASTENERS, AND BORDER ROPE
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Photos6.- CONNEC

TING THE NET PANELS TO THE PERIMETER
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WIRE ROPE WITH WIRE ROPE LACING
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Photo 7. BRUGG FRICTION BRAKE WITH 4.9 FOOT ENERGY

DiSSiPATlNG LOOP AND HEAVY

FRICTION CLAMP
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strengtb_ ‘Mhen forces exceed this value, the brake is activated and the loop is shortcned by the cable
slipping through the frictional clamp.

The net components are supported by five W8 x 48 steel posts. Stability of the wide flange posts and
intervening pancls is provided by 5/8-inch wire rope (minimum tensile strength of 37,632 pounds)

Drilling of Anchor and Post Foundation Heles

YOETUS TOOR © b HTW DRAFE KOTHRT DAUSE teeT
. Ea i ] ‘*“"% "1; Pooip 5 ::mﬁ\ 2~ ¢ i ey
SREA IO MOV IR YV ASH J4 OO OVETATIOS O

All anichor- foundation holes were dniied to a dcpth of 10 feet with four-inch continuous flight augers by
a hydraulically powcred, truck-mounted articulated boom {Photo 10). Upslope and lateral. anchor
holes were drilled normal to the ground surface. Post foundation holes were drilled with a single

18-inch-diameter, four-foot-long auger flight similar to the type commonly used on spin auger drill rigs.

All borings were made in landshide debris consisting of 1-to 18-inch rocks in a dayey silt matrix.
Drilling in the rocky, poorly consolidated material was very difficolt. Inclined holes were more difficult
than vertical ones because of the tendency for caving. Qccasionally, large boulders were encountered
and it was necessary to offset the anchor holes from their origi:iéi location. Severe caving in two holes

limited the depth of drilling o eight feet. These eight-foot anchors performed well.

The post foundation holes were constructed by drilling 2 hole with the 18-inch anger and finishing the

excavation by hand.



i e LHOJANS HOHONY 3dOISdN HLIM NOLLYANNOA

._.wﬁn_ mwaomms_m ATINA GG:mm vV 4O M3IA. ma_m x> Esmﬂ

U 08

2
-b. .

KW g/ g

. L3N 34O THIM

IAYHE NOILOIHA )
HOL10310Hd
| | 3dOY FHIM
T v SR iV A
NI mO&&ﬁw@a%\mmn W SR

r, ,.w A
.m U §sd 00S'€ 4O
~<4—————— HLONZH LS 3LIHONOD"
& :v

e 1O THHA

16



|

CONGRETE
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3,500 psi min,
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Photo 8. DETAIL OF BRUGG FULLY EMBEDDED POST. NOTE TR!F’LE-
TWISTED LACING CABLE ATTACHMENT AND SINGLE CABLE
_CLIP CONN
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Photo 9. DETAIL OF BRUGG BASEPLATE POST ATTACHMENT
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Photo.10. DRILLING ANCHOR FOUNDATION HOLES WITH 4-INCH
cm\mm@us GERS USING A HYDRAULICALLY
Bt OUNTED ARTICOLATED:




The wetl mix was

permit and hand,med_m.ﬁve-agaﬁon ‘buckets_

intensive and slow. A mmi grout pump thh a 10-foot trem;e mbe would have grearly zaeduced the time

and effort mvoivcd in placmg the comete.

The four wire mpepaneis

thh ihe heip -of- fhe boom truck, but _.could have

been put in place manualiy. The pancis were temporanly attached 1o the perimeter rope With wire ties.

Final adjustment and aﬁachment was made by 1acmg

cach panel to the 3/4—mc§1 penmctar Wire ropé

with 5/16-inch wire rope. Adjacent panels were -also laced {ogether. The ends of the top and bottom
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Photo 11. DETAILOF A BRUGG POST W!THMM:&?H!NED FiT'TINGS
SUPPORTING THE PERIMETER WIRE ROPE -
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NMifﬁcuincs were expcncnccd’ in mstal!mg the wire rope panels. Laung the panels in place was
iabor-mtenswc, however. _

N%i"hewlndustnai Entcrprxse (E{) ro; 'f; St

{

ﬁfxilL an ers {Photo 16) ZFnctxon brakmg eiements were also

J,n ,a‘

mzfcstrammg system.
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ROCK NET .

Photo 15. INDUSTRIAL ENTERPRISE TOP POST ASSEMBLY
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EPs friction brakes are four-bolt ciamps. that are shaped to accommodate two wire ropes that can be
sandwiched between them and squeezed to a predetermined amount by applying 2 torgue to the bolts

(Photo 19}. Each brake is preset to 2 minimum:tensile: strength:of 5500 pounds. “Twgopposing ends of
the wire ropes are atiached to a: net.corner and: an’upslqpe anchor }ca\mng & freé-ends or "tails”. Th

anchor. This: np,slo;)e anchemb

movement throughthéby

S g
referred to as 2 fuse lan (F:gure 7 and Photo 16) Impacts exceedmg ultimate des:gn 1oad will cause
the chain to break'alldwmg the panel to lay down, permitting the boulder to pass through the
installation™without ‘icausing damage €07 the net™ *Sifpls and’ donﬁie&ﬁxse tiriks are used ‘which will fail

N

under 10:t0.20 tons of loading, respectively. S

move out;:irﬁﬁ% siope-théreb; _prevc tmg damage to ﬁle*post. Mamtenauce ‘forces would then

.,»m :
- SheT

be abic o rcgosznon thc post and resct the stccl pms or sp'kes.
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Photo 19.. INDUSTRIAL ENTERPRISE NE

7

INDUSTRIAL ENTERPR?SE 'IG 6- ?OOT ENERGY—DISSIPATING
FRICTION BRAKE TAILS -

Photo 20°
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Photo 23.
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Each postwas supported byg'i‘;ﬁreé 1/2-inch guy wire ropes Jooped over the top. One guy wire was
attached to the upslope anchor, while the other twb were attached to downslope anchors (Figure 5 and
Photo 24). The two end posts had a similar guy wire rope atiached to lateral anchors. All guy wire
ropes were secured with four wire rope clips at the anchor ends, -

tests. Because of

were Teqhire

s
i

posts. Ups

feet (7m

The additional anchots:w acted by dulling a2 1/ ek hiole o2 depth oF 40 feet using a
trailer-mout Kiie \ammer wit W ch-diaméter steel pipe
with a mg&@d‘ﬁg prishe £tk grooves had®been machined
. %‘3&3%& T ELBRME i B St e (et m:"ingﬁh et ﬁ%%@%&w:, e b SRS >m it :

into the wall of the lower one foot of the steel pipe s0 that the detonation of a small explosive charge

. SpTiie 7 [y TR e T
e o ot 4 N SO ST ot A o B A ’”-\,:\‘;3"%‘% s W ’r’:\}ff

_ would rupture the wall of the pipe and create a cavity for filling with grout (Photo 25).
o RIS S ST T et

R R I s Y R R W o LY e e g e e
FOn oS T SRUOSE OV e ZHATE

<

Each hole was filled with grout consisting of three to five 50-pound bags of grout mix cnriched with
additional cement .to produce a 7-sack mix. Calcium chloride was added to accelerate curing time to
obtam 3500 pst within 24 hours. Plasticizer was added to make the mix more liquid ensuring that all
subsurface voids in the cavity area were filled with grout.

A No. 8 (1 inch) rebar, 11.5 feet long was then placed in each grouted hole to complete the anchor. A
7- by 8-inch steel plate was later placed on the rebar and secured with a nut to hold wire ropes and fuse

links in place and prevent them from slipping off the rebar rod (Photos 26 and 27).

Mﬁmﬁte 2 (fdrmcrly Tovex 220) was used as the explosive agent. This Class A, cap-sensitive explosive
is a water-resistant gel encased in soft plastic tubes 1 1/8x 16 inches that weigh 2/31b. The gel

consists of nitroglycering, trinitroglycerine, dinitroglycerine, aramonium nitrate and aluminum powder.
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Photo 25
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Photo 27.

WO

SOUNDATION ANCHOR

e

e g Dpagmn !
ER g DY r

"ASSEMBLY. (Photo Couriesy of Alain Lazard) .
B RIS T QIAL BR LR clepre et b mee byl nat

INDUSTRIAL ENTERPRISE FOUNDATION ANCHOR ASSEMBLY
WITH GUY WIRE ROPES AND FRICTION BRAKES ATTACHED
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teél pe\“mth % one’ pmt of sand,

:-( :

Gfout was pourcd with a funnel into the two-inch- steel’ ptpe extending out of the hole. Air pockets.

LT TR e . "‘h

constantl§ devi fé‘leﬁ’éti"; akmg”tbc‘*groutmgpmcess*v ﬂemffabonous. A tretoie pipe sufficiently

-;-mg- H i Ea -rwf«a-"u. ‘

i s oL 'w

long to reach the bottom of” the ho!e should be used in con}unct;on with a small grouf pump. Filling the
holes &qmiﬂ@gh@;@mmg wogld&c m:mt&mﬁgmkcm sther

AL Rl
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Photo 29. - RAISING AN INDUSTRIAL ENTERPRISE POST
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Photo 30. COMPLETED ASSEMBLY OF INDUSTRIAL ENTERPRISE GUY WIRE
““ROPESANDFRICTIONBRAKES TO THE FOUNDATION ANCHOR

Photo 31. INDUSTRIAL ENTERPRISE "D*-SHAPED LINK FOR
ATTACHMENT OF FUSE.  (Photo Courtesy of Alain Lazard)




The pancls were put into position by pulimg««themmpetﬁmugh the pest with come-alongs and

g g, ey

securing them to the friction brakes attached to ﬁxe“ﬁgslepe anchors (Figure 6). Since the net panels at
this point were all joined at the corners, raxsmg themmncmem}y was requn-ed {FPhoto 32). After the

B et e S

panels were raised into position, the COmIMOon: sades yver&jomed ‘usmg steel strappmg bands.

e T

i AT

et w

be no scams on the pancls. The mesh Wasattachea’by wnstmg ingshort pmccs of 11-gage wire ties in

T

place. Ties were placed on roughiy one»foot—ce:ntcrs” ammzd“’“the perune{er of each panel and on

Je—

EE

The test slope is 130 feet ingh and Iﬂ(}wfectgzad"é Witk e overﬁﬁglepe .anglc of 34 degrees (1 1/

The slope measured along the groun&suxface, 15950 feet "10:1&@219:0‘33) A contour map and cross-
sections were developed from a*dx‘:taxfed snrvey of moge {glzgures 9. md 10). Survey points were
located two to five feet apart R%hﬁve to«the rockfallwdzametcrs,%c siope»as smooth and did not
greatly affect rockfall trajectorics. There are, ho“;evcr several gullies whxch affected rockfall trajecto-

rics of small (one to two feet i in dxametcr} bouiéers Vegctaﬁc&as sparse and had little, if any, effect

on rockfall trajectories. B RIIN

e n T
s
R

T s o

The slope material is composed of landshde debrxs conmstmg of 1- to }8 inch rock fragments in a
matrix of clayey. silt: “This material was dry and hard during all three tests. Howevcr, in some areas,

successive boulder rolls broke up the surface creating soft spots which slowed some boulders.

Test boulders were obtained from - local “stockpile of rockfall \and Tockslide material (Photo 34).
These boulders are dense greenstone with a specific gravity ranging from 291 to 3.03. For test
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. RAISING THE INDUSTRIAL ENTERPRISE NET PANELS
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- Photo-33: ~OBLIQUEVIEW OF TEST
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SITE'SHOWING REFERENCE




.

ﬁ‘_uf Eiifferenz locations along

ceﬁmes"on ‘S&foof%teﬁﬁs were placed on
the slope perpendicular to the siope axis (Photos 35 and 36). During the Industrial Enterprisc test
(Tes&B),;&mpaéngohefe‘tencejineéenﬁhe*iower portionzofithe:slope wagmodified (Figures 12 and
13). This allowed detailed measurements oFBouldsr travel fime over 4 known distance. The informa-
tion. was used to calculate rockfall velocities. Y,eilow, three-inch-wide “caution” tape was used for the

T Ww.;

_e”fffhe%loge. A fton end ‘ioader.

Recorded aatax 1&J“Tuded imipact locations, nét damage "andgnet repaxrs With over 80 rock rolls, this

| system was ess:n_tial:_,forwrccordiz;g:and:qrganiﬁng the-largeamount of data obtained.
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Figure 11. APPROXIMATE CAMERA LOCATIONS FOR
FILMING EACH ROCK ROLL
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TOP OF SLOPE
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TOP OF SLOPE

REFERENCE LINES
(TOTAL T}

TEST SLOPE

Figure 13. REFERENCE LINE LOCATIONS USED TO ANALYZE
IMPACT VELOCITIES DURING TEST 3
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Photo 35. WEIGHING A‘é’ 5‘? Q\N"‘BA ’ffﬂ ING: Av»LORD CELL
ATTACH ED T‘%&BU@K&%‘B@A&&RN? END LOADER
- NNM

we e ® TTUA WNIAT UMD 4
.—*J”“\ﬁ‘emM& AL DasE LTI T i ot e
R

Y




T, . oy s
- T P eme Y owm gt T L

Photo 36a. INSTALLATION OF REFERENCE LINES USED DURING
. BRUGG IESTS FORROCK VELOCITY ANALYSIS . . ..
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Photo 36b. REFERENCE LINE SPACING USED DURING INDUSTRIAL
ENTERPRISE TESTS FOR ROCK VELOCITY ANALYSIS




‘Rockfall Energry Analysis

Kinetic Energy

Total KE = KEr + KEa = 1/2mv2 +z/21m2 Eg 11
DVLATT Tl ” SR RO ACTRLLATES 2R

sy

where m is the massof the éouldcr Vigthe *Velecﬂy 'F the-boslder Just‘bcfore impact, I is the moment
of inertia-of the boulder as it spins, and ® is the angular velocity of the spinning boulder just before

-

impact.

Maiss and Weight

5;:_7;.:'.1‘ P AT : heon e

. 53



"""" £ e e
laboratory for spcc:zﬁc gravity (SG) wh:ch, when multiplied by the unit wezght of water equals the unit

weight of the rock. _ o _
Cn s Ry e B oemes e o el wmelogalels Gos so o e e T tmowred umh

e

Eq 1.:> 

“ .r,?

(SGrock) (Umt Wezght ofWaxer) Umz We 1ght : fRock

HhE fiiim RS 308
ity

A umt wezght of 190 pouncfs per cubac foot was us:zd i the boalder wexght caIculatzons Some bouiders

were we:g}zcd after they were rolled to ai:&irate!y dctermme then' we:ght Although it was not possxbie

- me sokaien LR

to weigﬁ all boulders in this manner, zt was determmeé‘ from random rock wclghmg that the estxmated
BE ety o R B S . o

weight was within + 10% of the actual we:ghz& Therefore, estxmated weaghts in the energy caiclﬁa;t’xdxis

use 2 maximum and mmzmum valuc of £10% of the esnmated boulder weight , ,
SR e : wartt ot e e e : SR LT R e sy e

L anren Y TSR C S e L LIRS

Velocity

Two velocities are reqmred 1o de_termme total kinetic energy (KET): transianonai velocity and angular
velocity. Translational veiocaty (v) is the velocﬁy of the rock\:mass concentrated at the center of the
rock body This veloczty was determmed by measuring the time (t) mxook the, boulder 1o travel from

the last ‘reference fine to the net. '?‘hrs distance {d) was-40 feet'in. &he Brugg tests and 10 feei in the EI
test. P e

[N - ! H
ORI A ol : o P b

v = distance < time = ft/sec

,vg%.:.

Intion (360 degrees) before hitting the net. T

- b go=radians +Hmé =secondstt o r T s CEG 1S
This information was obtained from the video tapes and slow motion film footage. With the visible
reference lines on the slope and film editing equipment capable of achieving frame-by-frame control,
accurate measurements were obtained of the time (t) the boulders traveled between reference lines,
and the time it took the boulder to'spitt oie fevohution.
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eMoment»oﬂnem:a L ) o
SR PP IRL  SO -=",jr Ceponmboed DR oon purks IR s
P R R

“Fhesmoment -of inertia-depends-on ‘the mass distribution rélative to the axis.of rotation of thc rock
body 7). "The value of the moment of incrtia (1) ofa xecic body about. a particilar. mus of rotation not

anesd [LA ML S R ;..\,\4.2 E T

mly depéndsmpowthe ‘body’smass, but also npcm“how themass mdlsmbnted.about ﬁ:xe:axxs {73 In
tlxxs analyszs, the«@xes are assumed tobe *centered about ﬁaetenter"of‘mass of*the rock body. Thc same

"3inw;‘m«;« “,3‘&‘*"" af'i.‘_’}“"ié\ ?"““ﬁd

o L der TR g ""’h,“. ‘i‘i;-x‘l'.»”&{f BN E -

&sciectedband‘theiboﬁiders we‘resassnmed o be homogeneous:s solids,

el ndeplyres begmasiny vwaesdfT syl hpge or L 0 DD e e

Vywﬁ W}"&}'F'ﬂ ’“??»’ ;u(, wirv"g\.,&} - - ,«;,w. N - ,.,.': -

”‘I:he*nmuen*ofwectangxﬂar bod:es is a fonction of ‘theraxis: abomﬂwhch lhcy"rotatc. I this andlysas,.
'-ftotatz'ommsmsisumed‘-to-roecur around only one of the-threeprinciplesaxes (X, y, or 2} and is described

wbythreeequations.

DETATIES S

o ”1323’51(‘32 ‘3“332) “Eq.1.62

ATV ‘.§"’*x{3 ‘.’B"; LR

P S N :Ib f;‘ ‘mgm*li o.uw 2 3 ) . B
WO R LT Y P e Eiee) . . -
‘ Thgg = 1'.12:::1 (cz + bf)_ Eq. 1.6b
N - e S Py L e e

45

Iz = I12mfa +c2) ~Eq. 16¢

N T
svherem =1mass

Y f»\'{f e '~’=‘.-a.a:

. xg} e «ai—_“ﬁ@ﬂar* O Yoboowl Lot st o s wl wBiees g e
““Parallelepiped '

"Tﬁ@moﬁon*oﬁspheﬁcai bodies is 2 fanction of the radius-ofsthe-bodics-and:is:- described by the

- equation

DR N U S e i - :
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The axcso{ rotation were determined from the vidcos and slow motion films. It was obuseurved during
the 80 rock rolls that, in most cases, rocks revolved around the shortest axxs for the first 150 fcet. As
rock velocity mcreascd, rocks then revolved around their longest axis. Under snnﬁar condmons, the
long axis shouid be used m, angular KE calcuiations Detai}ed analysxs of thxs occurrence 1s beyond theg’_si
scope of thls report, but wxilﬁi)e mvestxgated in future xepons

Calculations
' ST ST ER NE IS SR AN
Each rockfall impact is measured in terms of foot-tons of total kinetic energy. Maximum value calcu-
lations use 110% of the cstnnatg;d wexght and rmmmum value cal_culatlons use 90% of the estimated

Wclght A computer sprcad shcet was daveioped by ’I‘M&R staff to ca}cu}aze thc totai kmetzc energy.
Thc results of these calcula!:zons are in Appendxx B

Dynamic Load Path Analysis

The dynamic load path analysis was performed in an attempt to determine the forces occurting within

individual net components. This information is used to balance the net system so that each component
will function without failure.

Rocks mmpacting the net generate forces throughout the net system which are dissipated through the
flexibility of the net. These forces, emanate from the point of impact to the net system perimeter and
apply loads that travel along a "load path”. The load path consists of several structural net components
with different strengths and load-dissipation capabilitics. When all of the components in the load path
are in equilibrium, the net system is "balanced”. A balanced net system is the optimum design for load-
carTying capacity.

Three rockfall impacts were analyzed dynamically to identify the foad path and the loads within the

load path. This was accomplished by analyzing the film footage of actual tests and usmg those data in
the caleuations.

Such events are analyzed using the vector quantities of momentum, and impulse:
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Ft=mv ' ' Eq.18
goorin bwvrsedn a1 et e Dieen wn®s Do aondey odlee D Sl e LT s e
RS- L G s T TR Lo R e e B R 2
‘Enpu’ise momcntmn change 7
etl o sinbsas weliey webet)  efEe tRumac wwd Bogoes Beviever L7 aee mue
where F m%ei@phed force, {1 theé Bime 1 téfkes the boulder to s:op, m xs ﬁxe mss of the boulder, and

Traag

v is the translational velocity at the initial pomt oﬁmpact. The procedure by winch thesc values were
obtained, the calculations, and the results of this analysis are presented in Appendix C.

FnctmnBrake Analysxs
REREN "’{a EN ,ﬂ.li:filf,'-;' W "'”:}E" “ ”’é Wyt e S &sEed o 2' DU
D Fppdls g SENE g [5AL L ey ade ; ] m-w:y. T
Sweral Eﬁ%ratory tests were con&uctta ont '"he ﬁ‘:cuon brakes 0 evaﬁnar.e thelr performanoe. Tests
weréx‘f)é’rfé‘” 24 on new braﬁges, retorqued brakes, anﬁ ‘wo brak&s in tandem An'MTS electto
hydrautic machine with 2 one million pound capacity was nsed to load the . brakes until they activated.
Fest results are presented in Appendix D.
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PERFORMANTE OF THE ROCK RESTRAINING Nt ™ 2773 7 7

S ST

The performance of the Brugg and Industrial Entcrpnsc rock net systems are presentcd in the foliow- '
ing tables. Each table represents a series of rock rolls between inspections.  Reported in the tables are
net condition before tcstmg, rock roll identification, rock zmpact energy,, ‘rock. Jmpaa ZOBes,.

¥

performance of the nets, ér;ci mamzenance .

FEUN e e
WoemorM L B

o g

The opemng paxagraph of ;éi;etaiaie describes The:xock net that was'tested. Three different net condi-

el

tzons ar¢ possifﬁe* a new msf'allaﬁon: a repaucﬁ

e

" Rock roll 1denuﬁcanon numbex:s correiate wa.th the tables in AppendixB. Appendix B tables list each
rock roﬁ w:th rock wcxght, vaioc:ty ans}aaon:ii Emeuc energy, angular kinetic energy, and total kinetic

“““““ Sk WA

energy. Rocks thammssed theme‘ésystmammowecorded causmg a gap in the number scquence

e
3 w s :“x <~ et Tl { Pl S e Y ,,',‘v st ;"':?‘.. Ry E

Energy is- presented-in: foot-tons -as thisds thé most .common unit to-describe rockfall impacts. The
encrgies are presented as minimum-maximtm baséed on estimated rock weights. In some cases, rocks
were weighed and 2 single "true” es@wgsﬂgiven- ST

Coplgn Lottt w ot RS R cnlee wll b ie
. : ChLob el wn mng el agi o tRe wigedi o Ben 008 o Bl sl nntal nnidd L we
The rock xmyact zone coiumn xdentxﬁes What_net, panei OF . SUpport post was,. ungact;e& - The...

performaace column desm'bcs, in detai}, the condition of the net system and damage after the rock....

rolling sexries. Maintenance requirements and solutions are described at the end of each table,

e TIAL I EIIRT L, mDTLR R R I ) LA R S




Tablé 1: Energy* Impac&lagatzons, and&erformanc&forﬁmgg 'ifestNo.el

The }S;ug;gmtms tested on A“ugust 10 and 1, 1989

T e wRd ARnDige 3 i e s 2A T L IR poe U F B -

eue auiia ext ol boroen ot amrdilcast oneeod BF0T SUot i st oun e oo
- T b . ‘”f‘ﬁ s e iaem, :.f'? e vl e e R
RotKNo. “Eférgy( Simpact Zone - . MPerfom‘ance
TS EMT s f- ¥ R Pl B SR W ot e £ S

Min.  Max All the rocks were stoppcd by the nets. Rocks #4

#3, and #6 were stopped by the net but hit n

2 nnBiee i 467 s PanelZe o 1o tapproximatelythessamerlocationrcansing consider-

o _ ., sable. da:qagw to-the: 2Zanm mild steel fasteners.

R gy TS T g g DT R S’ﬁ%s%&“’%&“? Swere” oPped on initial impact
. g o aroioy; blituponsrebounding bt stationary rocks; pushing

4 8:1 - 938 Panel 2 them through the Joosened net grid. These rocks

_ stopped two feet beyond the. net.

Do a0 My 2 A9Ben PamehZins o culidel wl dre snloisgs i o a0 s
. U E@Qg#%ﬁ}groke mravseve:afo?gxnents, many of

R R 3 """*P“ Anel 2 “hich Weat over the met, “The'largest fragment hit

omegs vecfemg vl gen g opoees ¢ athenetandirolléd throughi therloosesmesh; stopping

8 37.8 - 462 Panel 2 three feet downslope (Photes 37 and 38)

46> 310 o039 nPanelBy nowe \«Ghamhﬁkmes’h‘was«amruse&dzmngthxspomon of ©

Ld

ET 2 BT gl eniygree Somn bugesnilen 20 DSSD STEMERIRMINNIONN W LT vl 20

At'the conclusion: of this test sequence, many fasteners i "e‘“imﬁ‘fa%& zéne fﬁi&f of were Ioosened.
The 5/16-mchilacing cable did not faif but the single wire rope clips’ hoidmg theends in piace shpped at
two“fih‘ﬁ“’@anef.z Weﬁﬁfé’ ﬁxéﬁb‘%ﬁr (eS wir maéﬁ%éi%. Alfo‘ther \net components were

. T - o e e
E S '1 wft peatip Eowdir o LS IR FPEC s gy, Do Wil IR ST R € SR . g S
Bt o5 Lo A o s 0 dyetigmoee by e aeneel DTN Sams BRSSO G T NI Ol G 0 -
CEEN sLonl o LAY NE L a..).ﬂ. TR UM AT LT R 2R g L

Maintenance of the net -requiréd replacing missing fasteners with wirerope.clips and refitting the wire
rope clips.on the-wire rope lacing. '




Photo 37 PENETF%A’T%ON OF '"FHE BRUGG NET BY ROCKS #6 AND #8 AFTER
‘ LO@SENENG”OF "FHE NETFASTENERS BY PREVIOUS ROCK iMPACTS

Photo 38. CLOSE-UP VIEW OF BRUGG NET AND ROCKS AFTER ROCK
ROLLS 1-10. NOTE ROCK #6 IN CENTER OF PHOTO
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Table 2: Ener” :

Panels 2 and 3‘«wc =
.nsﬁgk
zg‘&ff&e"&fm

Rock No.
12 wéngveme&,lsmalhock frag,ments ﬁom going
e mﬁu@% net: S_:gaﬂg:r ocks:did more damage
13 Ot EL iPanel 10 Y itsiihe fakteners thanslargersrocks. The 5/16-inch
’ : ‘ "wire-rope lacing failed where it was wrapped three
W e 354w - Pamel2r | times swhenWrock: energies:-exceeded 35 ft-tons.
- B TN o .Mo‘st@«:of*“the -foundations. were loosened but
S T 138 PamelZ ' remained intact except where the foundation for
: : lateral “wire, -TOpe. Anchor‘? moved two. mches.

18- 188 - B0 Panel1 -
' downsl nggpronmateiy ax{eet and. the boulder
diin:the et-four feet downs}ope.

A 1345 - 1644 Panel3 -

n
ctfzmx

L {13855

ngﬁfsevefél lacmg _wute ropes;” \cplacmg m:ssmg fasteners with wire
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_Photo 39. . THREE-TON ROCK #19 AFT!::R iMPACTING THE

3

- i W;"““’%RUGG ROC??’“NET e
g ‘& ‘§m< e df 4

ZEAET e T SARM DU N 7otame

Photo 40. ROAD LEVEL VIEW OF BRUGG ROCK NET AFTER ROCK
- ROLLS 12-19. NOTE SLIGHT SAG IN NET PANEL 3
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19 Panel 1

T Ny A B AT T
ey B TTOARINAL G AT S 0

) 3a 127 - 14 Panel3

: o brzitlkf.aw activated and
ved”‘liz ek Ta the upper right hand corner,
3b 18 - 22 Panel 3 saveralwe Tope net strands failed (Photo-41).
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erw“‘yséfenﬁavféfsﬁ ) n hinkineshiwas rehung and rock rolling continned.
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Photo 41. FIVE 1000-TO 1600-POUND ROCKS IN THE BRUGG NET
» REPRESENTING ROCK ROLLS 9-13. NETPANEL 118
SEEN IN THE FOREGROUND. NOTE CHAIN LINK MESH
SEPARATING FROM ROCK NET
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Table 5: Energy, Impact Locations, and Performance for Brugg Test No. 2

18 No fasten-
ic in the
‘appeared stressed
Maintenance of £
the lacing cabl
E3
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Photo 42. BRUGG ROCK NET AFTER ROCK ROLLS 9-18. NOTE
CHAIN LINK MESH SEPARATING FROM THE ROCK NET.

NET PANEL 1 IS IN THE FOREGROUND.
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Table 6: Energy, Impact Locations, and Performance for Brugg Test No. 2
W T BT Do eAn o

R, e T

Paneis 1,2, and 3 were replacc& ;v:th new panels and all of the lac;:g cabie was replaced Paaels 1 and
3 were constmctec{ W;thlS m.m Iow strengthsteelfasteners and Panel 2 was constmctcd With 2.5 mm
spfnng steel’ fasreners Thc net* lamngms‘f&'/s—mch»cable All of the'chain Yok aesh was replaced, but
n this tcstz wxré tw;sts and hogmgs wezé: nscd to connect the cham link mesh to-the wire rope net. , )

it L R REOs . J ‘““‘”v “,q L RR P e
Rock No. Energy (ft-tons Imp‘act Zone - s-Performance -
Min, Max, . All the rocks were stopped by the rock net.
Cuw e g UiDarnege was miniingl to thehet systemr 07 7 !
19 59 - 713 Panel 2
Panel 3: One fastener split, nine fasteners slid and
20 10 - 13 Panel 1 four fasteners were loose. The rest of the net
system was intact.
22 08 - 68 Panel 2
23 37 - 45 Panel 3
24 0 - 12 Panel 2
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“Table7- Edergy, Hmpact Lbéat?%%_@d Perﬁormance for Brugg TestNo.2 = .

Ehh 28V GR ms cvRATET Lo B

RockiNe:: _efgﬁ(im mpact Performance
: S -} REEITIRT WD ;z WE :;\., sﬂ\;‘" T e G0
. Aii the rocks were stopped by thc rock ncts.
e i S Gk A i S et Tmpact (Photo'58): “The Tock
hxt‘-«;the«‘*@ostv&lafeet«abeve ground: level:. ‘The
o . ) flanges were bent, the foundation loosened, and the
3tar " VTARTIUL UREY ST pRRgEs v T upsIopé"‘énchor‘*bréﬁtc“\ir%s folly activated and
: irreparably damaged. The post was still fanctional

315 89 - 109 Panel 3 and the rest of the net system was intact.
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Photo 44. ONE AND ONE-HALF-TON ROCK #35 IMPACTING NET

PANEL 1. {Photo Courtesy of John Walkinshaw)

Photo 45.

THREE-TON ROCK #36 IMPACTING NET PANEL 2 (Photo
Courtesy of John Walkinshaw) ' '
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Table 10: Energy, Impact i_ocatxons, and Performance for Bmgg Tcst No.
Rock No. Energy (fi-tons) Impact Zotie @ .Y Performanest
Min, Max. Rock Roll #38 was 2.6-3.1 times the design load,
38 190.5 - 2329 " *Panel 1 The rock was stopped in the rock net-eight feet

dowuslope. The upper nght side of the panel tore

et gose.  Failure decurred in the wire rope net

et o <strands along the edge of the panel. All other
i ca“oles, wire ropes, and fasteners were intact.

et R LT L

Mﬁn{eﬁaﬁcﬁe consiste d ofcom_pletely reﬁlamngl’aneis 1 and 3 and the lacing cable in those panels.

Other mamtenance consxsted o‘frepiacmg mszmg faste,ners with wire rope clips.
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Table e Energy, Im‘pact Locanons, and Performance for Industnai Enterpnsc’l‘est Ne. 3

R T T BT LY e i

. Performanee;

DRI
. -Althe rocks were stopped in the rock net. The net
= - ;Sageed approm'mately three feet. The top row of
. . s-perimeter rope wire rope dips shifted inward
toward the middle of the net. Three fastenming
_bands on the'upper-left side failed and two on the
ipperifight ide failed” Upslope Anchor Brake A
P P 1 ,aoutz&i’%tzwacmratedxand $lid:6-inches.. - The upper
nghz net brake activated and shid 12 inches and the
upper left ‘net brake activated-and slid 4 inches. As
a result of this brake movement, the net sagged 3-4
feet. The rest of the net system remained intact
{Photo 46}.

The sagging net was raised, the net fastening bands replaced, the perimeter wire rope clips reposi-
tm‘ned, and: mckroﬂmg continued.
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Photo 46. INDUSTRIAL ENTERPRISE ROCK NET PAN EL 2 AS VIEWED
+ FROM ROAD LEVEL AFTER ROCK ROLL 1 (1580 POUNDS)
AND ROCK ROLL 2 (1860 POUNDS). NOTE CONSIDERABLE
SAG IN THE ROCK NET

76



Ilapsed sipon mpact and the post

ecable &ﬁd ﬁostwas%t three feet above
“Eﬁﬁenf‘midegtces AS'a*resuIt, the net was

o SOR T e R
only 't ~to§‘ébrée

pqr -nght net brake activated
;AfterwRock #6 hzt, the net
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Photo 48. Eﬁ
B@

Photo 49.

-

AL ENTERPRISE HOCK NET PANEL 3 AETERIMPACTS

e e h e

CLOSE-UP OF BROKEN INDUSTRIAL ENTERPRISE NET
PANEL FASTENING BANDS. NOTE CHAIN LINK MESH
SEPARATED FROM THE NET




Table 13: Energy, Impact Locations; and Performance for Industrial Enterprise Test No:37 . 67

Rock No. Energy (ft-tons) Imipact Zone. ~o o Performancd oo

S B8k

7The rock hit Post 1, collapsing'it, and then rolled to

70 sPost Tuw 07
EE R :7the right where there was no net. The base cable

g oo W

- - <t sbroke but fio‘other damage decarred”
by L E SRy PR - N "

Thé sagging nets véereraisé?iané‘ Post 1 was straightened and reinstalled.

PR B . pr

é
»
ry
¥
N
B
<
5%
B
ke
p
%
B
3
i
4]
2




LI S Ca

Table 14:° Energyﬁﬁp’actl@ocaﬁéﬁé&m&?érfdmﬁncefér FridustrialEnterprise Test No.37 S

Rock No. Energy (ft-tons)-mnact Zone 3

wiiaPefformancg oot

s Rock #10 was stopped by the net. The perimicter
asiwire rope clips shid- all around the net panel and the
et fastening bands on the right side of the panel

all failed. The upper right net brake activated and

e .. shd 11 feet. 'Ehe lower_right net brake was
SR e SR Vated and 'Shd “fwo. miches.  Upslope Anchor
Brakes A-and B on Post'3 were activated and slid
14 inches and three inches, respectively. Post3
collapsed. The rock stopped in the net nine feet
downslope from the net. All other net components
were. intact (Photo 50).

Post 3 was straightenéd and reinstalled. The sagging nets were raised and rock rolling continucd.
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Photo 50. COLLAPSED INDUSTRIAL ENTERPRISE 51/2-x 51/2-INCH
' STEEL BOX POST #3 AFTER IMPACT BY 5-TON ROCK #10.
- NOTE ROCK #10 IN NET PANEL #3




Table 15: Eﬁergy, Impact Locations, and Performance for Industrial Enterprise Test No. 3

Rock No. Energy (fi-tons) " Impact Zone " Performance

I 363 Post 4 ‘Rock 11 hit the post, collapsing it, and rolled to the
Teft where thiere was no net panel. The post cable
. J=ibroke but no other damage occurred. Upslope

“Anchor Brake A and B on Post 4 Anchor Brakes A
sfand B 'were activated and slid 5inches and

gl

718 inches tespectively.
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Table 16: Encrgr;impact Locations; and Performance for Tadustrial Enterprise Test No. 3!

. Rock No. Energy {{t-tons) i Impact Zone . o Lo Performanee o
Min. - Max. - .o w od o Rock Roll #12 impacted  with twice the design
i L Foneh s +doad. The rocks were not stopped in the rock nets.
12 150.8 - 1843 Panell *" - :=During impact of Rock #12, the fet laid down
allowing the rock to pass through. During impact
15 708 - 866 Panel 2 of Rock #15, the friction brake tails slipped enough
to lay the net down, allowing Rock #15 to roll over
18 195- 238 Panel 2 the net. During:impact of Rock #18; the net'was

only two feet above grade and the rock rolled over
the net. The-nét fastenidg bands between—net
Panels 1 and 2 all failed. Post 1 upslope Anchor

. Brakes A and B activated, and slid nive feet and
"one foot, respectively while Post 2 upslope Anchor

: . Brake:A-activated and slid 11 feet allowing thenet
to sag nearly to ground level. Post3 upslope
Anchor Brakes A and B activated and slid 11 feet.
Post 3 was hit, but was usable.

Panels 2 and 3: The upper right net brakes acti-

vated and slid 12 inches and 4 inches, respectively.
All the other net components were intact.

The sagging net was raised six feet above grade and rock rolling continued.




Table 17: Energy, Impact-ocativhsyand Performanceifor Fodustrial Enterprise Test NG, 3.

#5411 the rocks were stoppediin the xock net panel
bacand there was no damage. The nct panel sagged

S
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warts Brae] gnon wit bne Looiy Ysde Jom BWEDO
s49d-p .‘061“"* 07w Panel2r wat

- gt e D oms 1 @ona®

M%zmteﬁénci:“requ’:r wiat“tit:as.‘ w’ﬁ”m:c;c1(:0:1515.ted oﬁesetnng ali the friction brakes, rehanging the net to its
R PR Ly SISV RIS j

ori IG—footzhnght, an&mpamng;o:a mplacmg*%ur posts.

Tpn® dwem 2 peEets
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Input was solicited ﬁ'om maintenance personnel during all phases of this study. It was concluded that
rock nets cou!d be mamtamed wnhm acceptable Lmits usmg standard mamtcnance eqmpmeni and

proccdures. T most cases, repaxrs ‘and cleamng were completed in onexo four hours.

- "1t was found during the study

d base of the panel
50 that a front end
tg}d be rolled off the

The lacing wire ropes sizo‘uiéj, e Tepl hitimethey are disasscmbfed because of distortion of the

7 : R
wire ropes near their ends where they are wrapped three times around the perimeter wire rope and the

post fittings (Photo 53} After impact,, th&wrappcd !acmg wire ropes are. pcrmancnziy distorted with a
curl or kink in the rope. Relacmg with this distorted ropeis dzfﬁcait" and time consummg {Photo 6).
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Photo 51. %BRUGQ ROCK NET &og@&g DOWNSLOPE PRIOR TO |
»d F{OSCK‘R LL;TIN} el WAL AN .
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52 “BRUGE ROCKNET LOOKING DOWN SLOFPE
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Photo 54. CLEANING BRUGG ROCK NET BY LOWERING THE NET.
NOTE THE LOADER WORKING ON TOP OF THE NET
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of removing the

new panels was

AH upslope and lateral anchors pcrformcd well up to and beyond the des:gn load. In one case, a
boulder delivered. at lcast three. Lfme&the deszgn load. causmg about. two, mche&of dxspfacement in the
casterly lateral-anchor: ~This. anchor-was later testod and: res:sreda :aooao I }g‘nil (Photo 59). No
maintenance of the npslope or lateral anchors was required. T

Panel fasteners may occasionally require replacernent, particularly if the panel has been repeatedly hit
in the same area (Photos 60 and 61). Fasteners are casily and quickly replaced with wire rope clips.

Friction brakes are easily reset after activation by two people. A come-along is used to tension the wire
rope and a torque wrench is used to reset the friction brake. The whole process takes less than 20
minutes.

The chain link mesh frequently became detached after repeated impacts. Repairs consisted of Teposi-

tioning the mesh and reattaching it to the panel with wire ties. Severely distorted mesh can be replaced
in a few minutes (Photo 62).
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Photo 58. ROCK'ROLL 32 HITTING POST #5 AND FULLY ACTIVATING
THE FRICTION BRAKE AND TILTING THE POST. {Photo
Courtesy of John Walkinshaw)
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NG OF LOOSE BRUGG FASTENERS ON THE

!

. SHIFT

Photo 61

NET PANEL
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FRONT END LOADER ROLLING ROCK OFF INDUSTRIAL
ENTERPRISE NET PANEL

98

k4



Photo 69. FINAL BOX POST STRAIGHTENING BEING DONE BY
BENDING THE POST WITH A FRONT END LOADER

100 .







of the brake bolts and reposmorrmg"thc taziszm 1he:r ong;nai«poszﬁon 7 ercem p}aace, the bolts are then

nwithout doing addi-

easily by bringing the
rough the loops and

the ropes and ratche.t Wrén E’ﬁ"eg OTFETIOVIng At ms;i”éiiing wire Tope ' chip

Yoo

m hnkmesh *on fhe rock :xets can bé corrected by‘wposmonmg 'the- miesh and
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Photo.71; E@WNS&OEE@WEW? OFE THERIGHT-SIDE:OFINDUSTRIAL
- ENTERPRISE NET PANEL 3, NOTE THE SHIFTING. . .

ST SN

BORDER WIRE ROPE CLIPS AND ‘SAGGING NET
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APPENDIX A
ROCKFALL IMPACT DATA SHEET
E
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RO&IS RESTRAINING NET TEST DATA SHEET ~

MANUFACTURER: _ VIDEOID.: .. .

T . TEST# . - PAGE:
TEST ORROLL#: ROLL #
ROCK 1D
'A. ROCKFALL DATA | WEIGHT
1. DIMENSIONS: | METERS(m) FEET(ft) § fST‘MATED
2. VOLUME (V): CUBIC METERS CUBIC FEET A
3. UNIT WEIGHT( ); Kg/m3 Lo/f . 3

4. WEIGHT(W) Kg

5. MODE OF TRAVEL BEFORE IMPACT:
(ROLL,BOUNCE,SLIDE,FREEFALL)

B. MOMENT OF INERTIA (i):
1. SHAPE:

2. AXIS OF ROTATION:

3. l=

C. VELOCITY:
1.TRANSLATIONAL
© a LENGTHOF ROLLIN TIME t m
b. TIME t

c. VELOCITY v

. .
- ««mw’r»wé .

degrees
radians

d. LENGTH OF ROLL INTIME t
e. TIME t

{ VELOCITYvY m/sec

D. ENERGY KE. =t12mv + /2 1 %
a. ACCELERATION OF GRAVITY(g) = m/sec

b. MASS m=W /g Ka/m/sec®

¢. TRANSLATIONALKE=12mv ) o Tl e R R
1. maximum . ) KHQIOUEQS' Foot-tons
2. minimum . Kilojouies Foot-tons

d. ANGULAR K E.= 1/21

1. maximum IS

T FoottoRs. L .
fidjoules " \

IONAL & ANGULAR

2. minimum < i
e. TOTAL KE = TRANS

1. MAXimum —mi T Kilojoutes: 7 1o Footong - o
o Samimaim. oo Kilbjoules "= - Foot-tons

E. REMARKS

w16



"’ C. ROCK NET DATA:

GHTOF

1G
3. REMARKS:
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ROCKFALL ENERGY TABLES
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Table 18: Weight, Velocity, and Energy Table for Brugg Test No.1 o
“Weight " Tianslational KE Angnlar KE Total KE
) . ({fetons) (ft-tovs) (ft-tons)
B max. Velocity ... max * max. L.omax
Rock Roli No. min. (fps) . min. mi. ~ min.
1 MISSED | ,_
2 319 400 40 6 46
' 261 32 5 3.7
3 511 333 44 11 55
319 36 9 23
4 589 444 90 8 98
482 74 = 81
5. 880. 50.0 171 22 193
720 140 04 144
6" 921 26.7 5.1 12 63
754 N 42 10 52
MISSED . '
172 66.7 405 58 462
959 - 331 37 378
9 MISSED .
10 - 2021 44.4 31.0 6.9 379
) 165 254 56 310
11 MISSED
12 1749, 20.0 54 7 6.1
- 1431 34 K3 50
13 * 1504 23.5 ! 6.5 g 73
I < N , 53 - a . 6.0
14 MISSED :
15 *1700. 50.0 .33 . 24 35.4
16 . *1860. 285 . 118 : 26 138
175 "MISSED '
18 2354 30.8 o173 57" 230
A 1926 © 142 16 188
19 7001 0.0 137.6 268 164.4
j 5802 .. 1126 L 219 1345
*Actua}i‘\"veight.

All other weights based on estimated volume times unit weight * 10 percent for maximum and mini-
mum values.
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" Table 19: " 'Weight, V_eiocity,' and Energy Table for Bruge Test 1\§° 2 - _
’ e SRR N 2 TR T

5B WP RELT

e e Weight o . Translational KE ularKE. TowlKE
ot .;..; L: : : 4/@)~ N, o “ :\ “, g (fti fO‘ﬂS) (ft-fé_l_;lS)‘ ( ft-tons)
Lot E G Iﬁd’X. . Velocity (RS

Rock %HNO. nﬁ«nf;‘;:'f (fps} , miﬂ_ i.&.{'}f&:'( iy T Ny min__ .
Vit Retresd i » 53 ¥ L

"MISSED

301 86
246 L

) . R

140 333"

et pud
o

A
B

P wi

s

&6
e oo

. 134 S
» 2 -

W
e
[+ B e |

TR ACE Soha - et

e

200 - 333 |
17

535 400
437,
&

883 500

o am x%a
280

L% 3% 36.4. > e
% TE 30%- =

g MISSED OIS

3 1254 174 i
£ 0 1026 Y

10 - MISSEB v"; '.} ‘,<) . am\a

i Rl
B

-
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¥
‘E’f
2
0o
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ehﬁ{b'
i %
fuy
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oo

12
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$x) Ln
a2 %%
3
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font ok
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Ln
wa AR o

Wi
o
wh
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o=

23
H
Ed
A
gl)}
i

**12a “606 35 L 26 3
b 80 267 104 428
i3 *1500 21 219 5§

e 1596 400 S 1T S At 19 217
“15 3788 33 37 : 98"
3000 38
30
3’5

16 2209, %4 ... 236

g2 188% 193 - 218
1. MISSED I

18" *1700 333 S 187 32" 178

19 505 40.0 63 10 73
. 413 5. 8 59

2

1

i
20 619 148 11 13
| 9 10
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Table 19 (Continued): Weig'h{ Velodity, ,an&Encrgy Table for Bruge oo Test N2~

Weight ~ - “-" Translational KE Anguiar KE = Total KE
by 7 (ft=tons) . {f-toms) (ft-tons)
e max.  Velocity “ ‘max, SO max max.
Rock RollNo. mia.  (fps) i, N min, min’

MISSED

292 174
239 .

607 “° 286
496

717 © 138
586

MISSED
MISSED
MISSED
MISSED
MISSED

917 L 444 21141 o290 16.8
750 , .. 115 . 22 137

ol

773 519 162 12 174
633 LA 132 SR € 143

316 773 412 102 7 109
: 633 . Y 6 Fi 89

320+ 230 .70 57 L0670 30 L 700
33 MISSED

34 1052 307 77 7 sa
R62 63 B SRR 6’_9:

35 - 3148 .00 482 L E6.8 T 138 - 70.3°
o 2376 i oo 464 11 575

36 *3500 512 1120 BLs 7 Y 1254
37 *12700 512 2593 360 - 2953

38 7 0972 © - 465 ©711843 486 -0 2329
8977 1508 397 0 1905

]
et

Nl
Dika Wy &

3

8 RYRR B BN

#*

¥*
w
Pard
o

*Actual weight.
**Rock Rolls No. 12 and 31 split and each portion is recorded as a and b.

All othe{ weights based on estimated volume times unit weight 10 percent for maximum and mini-
mum values. '
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Table20: Weight, Velocity, and Eperey Table for Industrial Enterprise Test No.3

' Wexght w = ‘Franslational KE Angular KE.- Total KE

ot (i ) OB s O =7 (ft-tons) (ft-tons)

'\ e S Vclmw o WK max.
Rock Roll No. min. T (6ps) i

w1 R

1 %1590 417 214 62. . . 216
*%60 . 303 . 133 - 171 - -

1746 1 280 %106 58 164
1430 .87 - 48 . 135 .

1793~ 217 YT 66. 16 82
1467 . 547 o 13 - 67.

MISSED B

.

5
Wi g
¥

=) L'mfj‘ Bigw W
e e

1571 %22 12.7 iz 110

1287 : 104 35 - 139

7, 916 217 55 0z 577
750 45 01 16

b 916 400 114 o1~ ns
750 ~ | 93 . oF . 9a: -

84 *2630 333 Lo 226 L 122 s 3490

9% 5500 333 s : 198 67.1

T 2 - ~
W s tt w3 903 259 - 1162
o 9145 9 . Az 951

v o

B e v 476 i 463 To00 563

12 13845 ¢ » 357 . A37.1 s 472 e 18435
]:.328 1122 _ 38.6 _ h 1508 ‘

3 MISSED - R

s N ™ -

4 MISSED i

HEE A

3 Tt

¥
o
5
i

i R 7487 sy 333 v 646 MR X § B 866
T 6125 L 2 328 B8 - 708
62 ; MISSE'Q' AN

173 MISSED . <o -

18- 1986 5= 333 s o172 R % A 238
RETT 1627 -~ 140 S5 e 195

NERES SN ¢ e

12



Table 20 (Continued): Weight, Veibcity, and Energy Table for Industrial Enterprise Test No. 3

Weight . Translational KE Angutar KE Total KE
(i) (it-tons) {(ft-tons) {ft-tons)
max. Velocity max, max. max.
- Rock Rodl No. min, {fps) min. rain. min.
- *ex1%a 2257 233 95 32 12.7
1847 78 26 04
19b 1692 196 5.0 22 72
1386 41 18 59
19¢ 762 139 10 A 1.6
624 0.8 0.4 13
19d 167 179 6.4 03 0.7
137 03 03 0.6

*Actual weighf,
**Rock Roll No. 7 split in half and each half is recorded as 7a and 7b.
“**Rock Roll No. 19 was a simulated rockslide where rocks a, b, ¢, and d were rolled simultaneously.

All other weights based on estimated volume times unit weight + 10 percent for maximum and mini-
mum values.
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~ APPENDIX C
DYNAMIC LOAD PATH ANALYSIS
by
Mark Seyed-Ranjbart

With Introduction by Jokn Duffy and Duane Smith
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APPENDIXC

[P

- Dynamic Load Path Agalysis

' Field tests have shown that both net designs are capable' of: j%pping rockfalls above design loads. This
"analysis attempts to describe. the traasfer of rockfall imﬁdfngﬁérgies through the net systém-fhe load
uﬁpath. . o " ) V ;.:_ : | ;':-;: . N PEEA

TUnder ideat cond:txons, xmpactmg loads n; aﬂexz'ble system«aratransmxtted radzaliy to the penmeter of
' the system. The load is distributed among “the zmpacted net cable strands which  carry the Toads to the

x;..: . frxcnon brakes. A flow chart of the load path gcncrateddgy a b—mch—dzaﬁ;etcr rockf;li is shown in
Figurcs 14 and 15,

‘}{t

Z&
i}

; ; Thc Brugg nct was con}xecte& toa 3»/8~mch ’penmeter WITE rope at 18 pomts é,qualiy spaoeé” along the

Iop and bottem of the net an& at 11 pomts equaﬁy sgaced afleng thc s:des. The rcsultmg gnd squares /

o CE L
g

PRV S

The Industrial Enterpnsc st was connected to a S/S-mch penmetcr wire rope at 26 pomts equally

=
S

P

s,»..,‘ - : RN

‘_wbue to the iargc dcformanans mberent m ﬂe:qblc net des:tgns, many approxzmaﬁeﬁs‘afe mciuded in
_Jthzs analysis. These apprommanons afe requu-cd to est;ma;:e Ihe capaczty of“the systcm fo:.dszerent

.:size rock impacts. The nctsbehave élastica cally under small ioads {1000 1b rocks} Laxger 1oaés (3000 to

15000 B rocks) extend the nets beyond the elastic fimit \;T}ierefore, the net system has both geometric

and material ponlinearities which require considerable effé

“to model. Because of this complexity, a
‘fszmpicr analysis was developed to model the net systém. Thxs simpler analysis involves impulse and

momenmm where a rock with momentum (m v} impacts’ rock net. The resulting action-reaction

force (F) between the rock and the net is a function of: ?.hf: contact time (1).
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Ft=mv Eq. 18
Impulse = momentum change . : S
tl 3 e RS

;*“

(Where momentum and impulsé are vector quantities)

i . -

Awrock momng down a sreep slope has two components of motzon First, the translat:onal velocity

- grodt:ces energy and momentum equal to 1/2 mv? and mv, respectively.  Second, the rotational
vc]omty produces considerable energy and momentum, but it is difficult to include in the analysis and is

?E:éyond the scope of this research.

'I!he translational oomponent of momentum, assumed honzontal, is r,ednced to zero by the force
: cxcrted from the net over the time (1) (see Equation 1.8). : ..Y S

et e

Eorce (F) is assumed constant, mass (m) is measured directly in the ﬁeld, and t and v are determined

[P

- ﬁ-om the films. Time m“mcasured from the point of impact where net slack is tlghtcncd to the end of
o the forward motion of the rock Velocity is the velocity at the point ohmpact Force is calculated by:

,,,,,, Eq. 19"

P A
nows e L s e

. Fo calculate the dxstnbunon of the: ioad an ;deahzed net was used with an 8-inch mesh attached toa
.)/4-1;1(:}1 perimeter cabie ¥t was assumed that the rock mpacted the center of the net panel. Impacts
i ontsxde the center ate moze difficult to analyze and are bcyond the scope of this research.

. 4:,

o e e e
. LA
i

R » P
i& i ‘ﬁ %:‘ : ¥ . = s
~ S S T
B SO . B . A :
. v - EXAMPLE % o R S
o g i . EO Tion ’ L oy
e A SRR G - :
ﬂi‘ ! —

The test case*analyzcs the i nnpact of a 35@0 16 rock travebng ata translanonai velomty of 51 ftfsec:. ‘The
net will react with a force (F) of 4:356 3b and stop the rock in 0.20 second (). Thc geometry of defor-
mation 1s shown in- Fxgurc i7. Poinis "A" "B, and “C" are the controlling points with the follomng

coordinates: - ?\
Point’ X Y Z
A o - 0 0
B_ 40 . +328 4.1
' 6.0 +492 82
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Unit vectors were established for the directions AB, ‘EC, and BB' . To achieve equilibrium at the tip of
the rock, the horizontal component of the strand forces shonld be equ;\l to the-impulsive force. This is
determined by using vector algebra. ‘

—p .
nAB='-.61§U~:~ S0i-.62x = -Nipa TV Eq. 1.10
L -
Nge = -41i + 34j- 85k  Eg.1i1,
o .
npg' = + 1k o . Egq. 112
— -
. .- Tap = (Tgroup of strands) Iiap S T .. Eqg.133
_} -
F=F L | Eg.114

Examination of the net after the impact indicated that the rock (3.é-fo&l£Meté§)' acnvated a total of
five net strands in each direction. The middle three strands are assumed 100% effective while the ‘
outer two strands are functioning at 50% load. The concept of "nomber of effective strands” siinplifies |
the calculations by using four strands for this particular rock. |

Force "F" = (# of effective strands / per direction) X Eq. 1.15
L (2 legs / per strand) x (2 directions) x ‘ R
N {COS 8) x (Tension in each strand)

Where @ is the angle between the force "F" and the direction "AB". B

Forcs "F" " (4%trandsy #12 directiongy ¥ T A 1S 1

Then "T™is equal 10 4463 Ib-(Force per 100%10aded net: strand)
To calculate the force in the 3/4-inch-diameter cable at Point B, equilibrium maust be satisfied. With a

force of 17852 Ib (474463 Ib) being transferred to Point "B™by Tpa,  tensile Joad of 26421 b occurs in
Segment BC and a load of 11425 Ib occurs in Segment BBY .

B bea |



- Equilibrinm of Poiat“B"

Theforce vectors are:

<] -+ ‘ . PN -
CFT Tea = Tg{61i- .50 + .625) - o Eq.117

wd
@

TERAORT o s Uit - r Eq_ 1_18

- oL T3 -+ ) .
“ Y Tee=Tee(-41i+ 34j-85%) )
. -+ g : | .
" Tee' =TFee' (+11) a1

where Ty is the tcnszon ina group of strands o L
set ARl LLlRlalsr Toegnn o o

s

o B e H
L RO ROt IR T £ 4

‘),.Q .,' PA Ty

Vettor eqnilibnum equauons _ . - o b .
SEAREE I TR P EUE: -t Rt e L,

“'.zf""%’*’?" Eats : P

Tpe = 149T, = 26421 1b Eq.120

;.;?.:: ,':,,‘ % & BN TS BRSSO Y T
Tep' = .64 Ty = 114251b Rt T T B ST Eqg. 121
& ' wians Ly ey
(where Ty = 4% 4463 Ib = 178521b)
TURET gttt wdt bop et o :

Nete thax Points "A", "B”, and “C" sho:ﬂd be pro;ecz:gg to astmxght. Tine .on the x-y planc to satisfy 2
part of the equilibnum Thzs can-serve as a check for the-acquisitionof data:from the films.

The upslope anchors (5/8:inch cable with-friction loop) wererat an-angle of 23:degrees. The foree
carried by these anchors is equal to:

B O SENIR I ERTEPUNE fEONE S A S IRT SRR BRI SR £ G e e T o :
e T=E[(4xCOSZH)= 1V .. oo . £ . . Eqli6
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Sumwmary

This analysis shows that under these conditions, the load per 100% loaded net strand is 4463 Ib. The
load in the top and bottom perimeter wire rope, where the load dissipating friction brakes are located,

is 26421 Ib in the outer thirds of the wire rope and 11425 Ib in the middle third of the wire rope and the
load n the upslope anchor cable is 11829 1.

This approach can be used as a guide to designers in selecting the net grid spacing and minimum
tensile strength of the friction brakes.
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APPENDIX D

FRICTION BRAKE TESTING AND EVALUATION
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FRICTION BRAKE TESTING AND EVALUATION

Seven tests on friction brakes were performed to evaluate friction brake capabilities. The testing
device was an MTS electro hydraulic machine with a one million pourd capacity (Photos 73 and 75).

Testing rate was two inches per minute. The purpose of the testing was to confirm manufacturers
specifications and evaluate brake performance.

The tests were performed by attaching the wire ropes exiting the brake to the upper and lower platens
of the electro hydraulic machine. The connection was made by fixing cable clamped loops in the wire
rope to shackles connected to the platens. Tension was applied as the lower platen pulled against the
fixed upper platen at a rate of two inches per minute. Load vs lower platen movement was recorded on

an x-y recorder. Wire rope movement through the friction brake was recorded manually with a tape
measure.

Brugg tensile brake strengths were within 8% of the factory specifications. EI tensile brake strengths
were 4% to 30% above factory specifications. This variation between specified and laboratory-tested
brake tensile strength is acceptable. Variability is expected to occur because of the cable flexibility.
Over time, especially when transported, the cable will reseat itself in the brake sleeves, changing bolt

torque and, to some degree, brake tensile strength. Bolt torque was less afier movement of the cable
through the brake in’every test.

Brugg brakes were moderately to heavily torqued and bad a single friction plate which tended to
squeeze the cable in the brake sleeve (Photo 72). Therefore, as the cable entered the brake, it had to
change its shape to fit.. Once the cable exited the brake, it was out of round, frayed, and not reusable.
This action can be seen in the graphs as an oscillating wave (Figures 18 through 21}. Each wave crest
represents the cable jerking through the brake as it changes shape. Reduction of bolt torque will
reduce this effect causing little or no damage to the cable, resulting in a reusable cable. Reducing the
torque will reduce brake tensile strength.

El brakes caused little damage to the cable as it passed through the brake resulting in 2 reusable cable
(Photo 74). This was largely due to the large brake friction surface area and moderate bolt torques
which did not squeeze the cable excessively. This action can be seen in the graphs as a smooth curve

indicating the cable slides through without a change in its shape (Figures 22 through 24). Tensile brake
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doubled the tensile braking strength. This indicates the brake strength is cumulative as the number of

“brakes per system is increased.
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" Photo 72.

Photo 73. "BRUGG FRICTION BRAKE UNDER TENSION IN
~ THE MTS ELECTRO HYDRAULIC MACHINE
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USTRIAL ENTERPRISE FRICTION BRAKE. ‘_NOTE

Photo 74.. INDUS :
" FLARED ENDS OFBRAKEPLATES. -

Photo. ?5 iNDUSTRIAL ENTERPRISE FRICTION BRAKE UNDER
TENSYON N THE MTS EL«ECTRO HYDRAULIC MACHINE
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TENSILE LOAD (Kips)

e oo ... INTIALWREROPESLIPPAGE .. ... . _ -

10

.= 0,36' OF WIRE ROPE SLIPPAGE

| 1.15' OF WIRE ROPE SLIPPAGE — -

5. o 10 15

i

TESTING MACHINE MOVEMENT (mches)

TR Timn g

' LOAD vs MOVEMENT

iE

" ‘BRUGG /5/8" DIAMETER FRICTION BRAKE: =

ooyl oo 2inches /minute

‘Tensile'strength of wire’ Fope ..'-“?‘;'_m-_ _ . 38304 bs (Factoryspecsfxcatzons)

“Tensile strengtiiofbrake. 25 L _ . _ . _ 268801bs (Factorry”speczﬁcatzons)
Test tensile strength of brake—  w = _ - 27806~ibs LT R

Bolt torque in ft-lbs pnor‘t estr s?'-il o SR
EEE 70-» 30

e e

- o o
W e s

e mREMARKG’ S i e 52 - :_.‘.«w»...v.mm.‘ PN b R e o [ .,:

‘ The“brake liMfingswere: rou*gh and gmoved ‘prior to iest:ng

= After the'tést the- meié‘i was scoured out of round and *frayeci

,hm; ;:f;_' [N o

Flgure 1«8 ‘BRUGG FRICTION BRAKE TEST # 1 SHOWING
‘ " FRICTION'BRAKE SLIPPAGE UNDER LOADING




TENSILE LOAD (Kips)

PR Aoy ‘F,ﬁwsf“s_. wf"}u LN

w-wmmmmsmps"stwm&' | “ R —_—

R

e e e
1,07 OF WIRE ROPE SLIPPAGE e

— B .. 0 . 15
TEST!NG MACHINE MOVEMENT {inches) :
Cpeanedt VYD BVO 2 BuHCAk SUTEST

LOAD vs MOVEMENT

"’5'»1'%??“"“.74?1{1f-£ gy DAL

JIE S ' N A ¢

ST 2 §‘ 5% “BRUGK5/8T:DIAMETER FRICTION BRAKE

Tesﬁng fate - Slioas. mﬁ____ 2 inches fminute e
i ensﬁe“*sh‘engtmeimxre‘}mp@ (8L o - 38304 lbsafFaetow specxﬁcatlcns}
‘Tensilsistrengthrolbtake: 22555 — - — . 26880 _lgséi{Eactoryspecmcahons)
Test tensile strength ofmaKaL_ - 27800515 - S TIE

Bolt torque in ftlbs pnog&ortest.\;

Soé 55 b e
80z= STel TOEIT

Bolt torque in ft-lbs aﬁer teét' i&
S —— 7o WU

REmmxs:ﬂzlnmailythezb:eﬁs*maythave beerriorquedto 90:ft-lbs but over txme the
wire ropes:seated themselves:and:slippedreducing apparent bolt
f_,_torquem‘@ﬁ:e rope was.out of round and frayed.

F;gure 19 BRUGG FRICTION BRAKE TEST#2 SHOWING
“¢ T UTIFRICTION‘BRAKE SLIPPAGE UNDER LOADING
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TENSILE LOAD (Kips)

25

20

ok - INITIAL WIRE ROPE SLIPPAGE |

10,

" 0,46 OF WIRE ROPE SLIPPAGE ™"
046 OF Wik OPE SLIPPAGE

1.16' OF WIRE ROPE SLIPPAGE : =~

5 “10 15

- LOAD vs MOVEMENT

.BRUGG RE-SET 5/8" DIAMETER FRICTION. BRAKE _

Testing rate - ___... - .._.. e 2 inches / minute

Tensﬁe strength of w;r,e rope _.,_ —___ 38304 Ibs (Factory spec:f' cations)
Tensile strength of brake .f_& - _,__ —— . 26880 ibs (Factory specﬁ' cat:cns)
Test tensile strength of brake - — —_ __ 8000 Ibs ’

Bolt torque in f-lbs prior-’teitésft' 50

Bolt iorque in ft—ibs after test -' 25 ﬁl ;30

e e A0 B 30 e i o v -

REMARKS:

Wire rope damage minimal

Figu re 20 “BRUGG FRICTION BRAKE TEST # 3 SHOWING

“FRICTION BRAKE SLIPPAGE UNDER LOADING
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TENSILE LOAD {Kips)

'/ INITIAL WIRE ROPE SLIPPAGE

%5 P e »1.‘:5““ —— - CTO R e s

TEST!NG“MRCHINE”M@VEMENT {inches)

341;@.@9;@%, MOVEMENT

N

e BRUGG 3]4" D!AMETER FRLCTION “BRAKE.

? Testingrate - - ———- sETT 2 inches f minute _ _
nggig strengjchl égf %gm‘e rgg . '_'f ——— 48‘1 60 !lbs {Factory spec”t“catrons)
Teﬁs’ie strengm of brake .- :,-‘ -

i {RN AT IO AT

Test ténsile strength of brake 41 GGQ ig‘{s« S

| Boltoraue T s priortotest - “:gg@gm““; P
‘| Bolt torque in ft-Ibs after test‘- .. 140 ﬂl& 120

; TLoamL T 110 BllFw20 5 2

t REMARKS:— e s

Wire rope was out of round and jrayed

Figure. 21 -BRUGG FRICTION BRAKE TEST #4 SHOWING
WFR!CTION BSAKE SL!PPAGE UNDER LOADING
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TENSILE LOAD {Kips)

.wg‘---AT  nms

O YRUTICE N PR, | 15
TESTING MACHINE MOVEMENT (inches)

“LOAD vs WOVEENT

e e

mwsmm ENTERPRISE 5/8" DIAMETER =
- FRICTION'BRAKE ~—~ - -~

Testing rate - - - ——— _;,‘..;.\g__ “““““ 2 inches / minute

Tensile strength Of Wire rope = =~ -~ = 37477 Ibs (Factory speciffcaf‘ ons)
Tensde strength of brake.. o e .: - 5500 !bs {Faciory specﬁtcatsons}
Test tensife strength of brake _ _ ____ 6500 Ibs

Eul

Bolt torque in ft-lbs prior to-test: = Io EEI o

b

: A-’w‘)‘ ‘ B Hn’ L :._ 3o -
Bolt torque in ft-lbs after téstr - 500 g]s8 ‘
.-~ .- S

REMARKS: 4W|re rope on the nut sac{e fastened to the upper gnp, moved

. Wire.rope damage was minimal.. .

. mx — e . ); ,',,.,-»-‘3!.,‘_‘,.«__ R

F*Qwe 22 fNDUSTRIAL ENTERPRISE FRiCTEON BRAKE TEST
# 5 SHOWING FRICTION BRAKE SLIPPAGE UNDER
LOADING
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= INFTIAL WIRE ROPE éLaPPAGE
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N N R T R U LA
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TEST!NG MACHINE MOVEMENT {_!nches}
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OA{? vs MOVEMENT
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"i

Testingrate ————————- -~ ~— ——.2inches /minute

Tensile sirength ,9;& gvgg g{%pe - ,,,_ -~ ~ “STATT 168 [Faciory speczﬁcaﬁons}

Té?ia ¢ strength of brake_ — - __ "~ 5500 Fibs {Factoxy specxﬁcaﬁons)
{ o Z}usié TERGE WA ‘,W e e e P e,

Tgst tensile strength of brake : ———— 80‘00 1bs Torow

e Tamem o U e g s e -
S e BT S TR T PR O

=T
O

W e e e e B
: B l r - 1 riest -
olt forque mftlbsp 103'10193‘{.‘ 5@:;59 e e e
o %841 5
Bolt torque in ft-lbs after tesE:, .. S51b o4 | |
50 IE=Bleppc . - -z =

did

e Ty T
CLs R

| RE .KS: ere Tope on the nut side, fastened to the {jpi;;)er gnp, r%gvgdm o

™y
H

J.’,‘ {' "”
Wire'rope damage was msmma”i
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-

Figure 23. INDUSTRIAL ENTERPRISE FRICTION BRAKE TEST
ToiT o ‘f‘i LTS #8 SH@WiNG -FRICTION BRAKE SLIPPAGE UNDER
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e e «4.0AB:NG~
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TENSILE LOAD (Kips)

30

25

0.48' OF WIRE ROPE SLIPPAGE IN
BRAKES 1 AND 2

1.1 OF WIRE ROPE SLIPPAGE IN
BRAKE # 1 AND 0.5' IN BRAKE # 2 —

10 : 15

TESTING MACHINE MOVEMENT (Inches)

LOAD vs MOVEMENT

TWO INDUSTRIAL ENTERPRISE 5/8” DIAMETER
FRICTION BRAKES

Testing rate
Tensile strength of wire rope - — — —— .
‘Tensile strength of brake- — ~ - — - __
Test tensile.strength of brake — . - —

— e i — — —— — — 1

2 inches / minute

37477 lbs {Factory specifications)
11000 ibs (Factory specifications)
11500 Ibs

Bolt torque in ft-lbs prior {o test:

Bolt torque in fi-lbs after test:

40_ 40 4040
e v R v B
HoplE Hool
40 40 440 40
40 40 40 40
HI3 0k OOk
40 40 40 40

REMARKS:  wire rope on the nut side, fastened io the upper grip, moved.
Wire rope damage was minimal.

Figure 24. INDUSTRIAL ENTERPRISE FRICTION BRAKE TEST

#7 SHOWING FRICTION BRAKE SLIPPAGE UNDER
LOADING






APPENDIX E

WIRE ROPE SPECIFICATIONS
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IR . . ’;}'“éu_'.
Wire Rope Diameter

5/32"

3/16"
ye
3/16"
3/8"
1/2
5/8°
3/4
7/8"
T

SPECIFICATIONS FOR WIRE ROPE SUPPLIED BY THE INDUSTRIAL ENTERPRISE (ED

(4mm)
(5 ram)
{6 mm)
{(E mm)

(5.5 mm)

(12 mm)

{16 om)

(18 mm}

{22 mm)

(28 mm)

Wire Rope Diameter

1/4"
5/16"
1/2¢
5/8"
3/4"
7/8"

{6 mm)

{8 mm)

{12 mm)
{16 mm)

. {18 mm)

{22 am)

TABLE21

o _ ' . C_of_i'struction

6x7
6x7
- 6x7
6x7
“ 6x7
6x19
6x31
6x31
. 6x4l
. 6x41

TABLE 22

157

~ SPECIFICATIONS FOR WIRE ROPE SUPPLIED BY BRUGG

. Minimum

Breaking Strength

2,1751b
336010
48381b
8,691 1b
13,485 b

T

s e e

19,6671

37,3621

48,}m1b PR - E

63,632 1

109,0881b .

Minimym Breaking Strensth

3,748 Ib

7,716 b
19,841
37477 1b
48,500 1b
77,160 1b



' TABLEZ3. .

SPECIFICATIONS FOR WIRE ROPE ATTACHMENTS SUPPLIED BY BRUGG

RS P

. Torque
© " NomberofClips  SpaceBetweenClips(in)  Roguired
e Rope Joint +*"~“RépeLoop RopeJomr - - ~(felb)—

Ti0 | R

-1/4" (6mm) et ~

ES T

5/16" @mm) © © o
RN 7 -

3/& (95 mm) !
1/2" (ﬂmm) IR
5/8" (16mm) L
3/4 (18 mm) Al uk . .
47/3'- (22 mm)_ﬁ LEL - o
' (@8mm) A .

0.62
o
w7 2 1046

m'h“bhu
W 00 o 0 O
PR - S S PR TU X

h
LA e

tn

Caa
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