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ABSTRACT 
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introduction 

The propellant-actuated embedment anchors are nearing true opera¬ 
tional usefulness as evidenced by their use for temporary and permanent 
moorings in the Santa Barbara Channel, Midway Island, and Diego Garcia. 
Thus far, most of the anchors installed for working purposes have been 
in coral seafloors, but it is anticipated that future users will require 
embedment in even harder seafloor materials, such as basalt. 

The mechanisms of dynamic penetration and the subsequent holding 
capacities of anchor projectiles in rock is not well understood. This 
report is the result of a literature search on the subject of dynamic 
penetration of rock and the holding capacities of rock anchors. 

METHODS OF ANCHORING IN ROCK 

Embedment Anchors 

Embedment anchors operate by generating high pressure in a aun 
barrel to drive an anchor projectile into the seafloor. To date, most 
of the embedment anchors developed make use of a solid propellant charge 
to supply the needed pressure. Actual tests of propellant-actuated or 
’'explosive" anchors in coral and basalt seafloors have been conducted 
by the U. S. Army and Navy. The results of these tests are summarized 
in Table 1. 

MERPC XM200 and XM50 Anchor. The earliest coral tests were con¬ 
ducted by the U. "S. Army Mobility Engineering Research and Development 
Center (MERDC) with the XM50 and XM200 anchors (Figures 1 and 2) at Key 
West, Florida, during 1963 (Mayo, 1973). The anchor projectiles for 
these anchors are flat steel plates. A short ogive nose section at the 
center of the leading edge is used to initiate penetration. The down- 
haul connection is to the center of the plate. These anchors have keying 
ilaps at the trailing edge to initiate keying into a horizontal position. 
This keying will occur in sediments; in rock the flaps will probably 
help to wedge the fluke in the penetration hole. 

A total of nine tests were conducted in coral. Of these, two 
tests were performed with the XM50 anchor, and both showed good penetra¬ 
tion and resisted loads higher than the 50.000-pound rated holding capa¬ 
city. ^ ihe XM200, rated at 200,000-pound holding capacity, was more 
extensively tested with less satisfactory results. Although penetration 
depths varied within a fairly close range, the holding capacities varied 
widely, from 60,000 pounds to 220,000 pounds. Indeed, the highest load 
sustained was by the anchor with least penetration and lowest projectile 
velocity. However, there is no information on the material properties 
or the coral at each site, so conclusions on the relationship of velocity 
and penetration to holding capacity would not be meaningful.' 

SUP5ALV Anchor. The SUPSALV anchor was designed and built by 
Aerojet-General and then developed by the Civil Engineering Laboratory 
(CEL) under the sponsorship of the U. S. Navy Supervisor of Salvage 
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XM50 explosive anchor 

i 

Figure 1 MERDC 



Figure 2 Cutaway view of the MERDC XM200 explosive anchor (from Mayo, 1973) 
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(SUPSALV). It was the first embedment anchor to have an anchor projectile 
specifically designed for use in coral. This anchor was tested during 
1968-69 in coral at Key West, Florida, and Oahu, Hawaii; and in basalt 
at Anacapa Island, California, and the Cobb Seamount off the coast-of 
Washington. 

'Modifications were made to the projectile during these tests to 
improvd penetration and holding capacity. The changes in projectile 
shape which improved holding capacity included enlarging the coral pro¬ 
jectile and adding serrations to the plate edges (Figure 3). As both 
modifications were carried out simultaneously, the influence of each 
modification upon holding capacity cannot be separated. The revised 
coral projectile was used for the first of two basalt tests, but was 
modified for the third test by cutting the plates to a more pointed 
arrowhead shape (Figure 4). This configuration tripled the holding 
capacity; however, the charge weight was also increased. The increased 
capacity could be due as much to the increase in projectile velocity as 
to the change in shape. The same projectile was later tested in basalt 
at Cobb Seamount, but it was damaged during penetration and failed 
structurally at a low load. 

The results from the coral tests indicate that increased embedded 
side area and/or serrated edges increase the holding capacity of an 
embedment anchor. In the basalt tests, deeper penetration seemed to 
result in higher holding capacities, and increased penetration occurred 
when the projectile was tapered. It is interesting to note in Table 1 
that tests 16 and 17 had almost the same side area embedded, yet test 

.. 17,_with the sharply tapered nose, held almost three times the load of 
the coral projectile used in test 16. However, the drawback of using a 
sharply pointed nose was shown by the Cobb Seamount test. It appears 
that the nose should be pointed to rr-aximize holding capacity, but this 
will require a very strong material for the anchor projectile. 

CEL TOOK Anchor. This anchor, formerly called the SUPSALV anchor, 
was renamed after modifications to conform to the nomenclature of the 
other Navy embedment anchors, the CEL 20K and CEL 10K anchors. The TOOK 
gives the nominal holding capacity of the anchor, 100,000 pounds. 

This anchor was used at Diego Garcia to emplace permanent and 
temporary tanker moorings (Figure 5). The flukes used were the quick¬ 
keying type developed for anchoring in sediments. This type of fluke 
was used because the anchor sites were primarily soft coral overlain 
with coral sand. It was thought that this design would allow the anchor 
to develop its full holding capacity in either the sand or coral. After 
emplacement, each anchor was proof tested to 110,000 pounds. On some 
anchors, movement was noted, indicating keying, while others did not 
move at all, indicating a solid embedment. 

The.Diego Garcia results show that a sediment type of fluke is 
desirable in soft coral seafloors. Flukes like the SUPSALV coral pro¬ 
jectile depend upon frictional resistance to direct uplift because its 
axis is in vertical orientation and the load is applied along the axis. 
If the material is weak and brittle, an anchor that keys under load to 
a horizontal position provides greater bearing resistance. If the 
material is too hard to permit keying, there is still plenty of area to 
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Icoral Anchor-Frojectlletjj 
1 {as modified for rock) 

*'-i^ure 4. SUPSALV anchor assembly with coral projectile modified for rock 
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tti'Velop frictional pullout resistance. There is a sacrifice in penetra- 
tion depth when using the sediment fluke in coral. This is a concern in 
jijrder seafloors, but at Diego Garcia adequate penetration (~30 feet) in 
the soft coral was achieved with the sediment fluke. 

CEL 2QK Anchor. The rock projectile designed for use with the 
CEL 20K anchor-(Pigure 6) incorporates some of the features deemed 
desirable from earlier experiences. _The body is a solid high-strength 
alloy bar with a conical nose blunted to a 90-degree (1.6 radians) cone 
at the tip to prevent hooking or bending. Three alloy steel plates are 
welded to the bar to give a dart-shaped projectile. A three-fin fluke 
is more desirable than other shapes because it affords increased moment 
resistance to randomly directed loads.'’The downhaul cable is eccentri¬ 
cally connected to one of the fins and protective fairings are added to 
prevent damage to the connecting socket. 

This anchor has been tested only four times with the rock projec¬ 
tile. The first two tests were in weathered basalt, the first test 
holding 107,000 pounds and the second 20,000 pounds. The second test 
was complicated by penetration into the side of a slope. About 4 feet 
of rock was spalled off the face of the slope before the anchor finally 
embedded 3 feet into the rock. 

The next two tests were not successful. The bottom for these 
tests was composed of cemented cobbles and rubble with large sand pockets. 
The first projectile broke the downhaul cable when fired. It is thought 
that the projectile hit a sand pocket and "over penetrated". When it ran 
out of faked line the dcwnhaul was snapped^ The second test was partially 
successful. The projectile penetrated-,-but the piston unseated before 
full penetration, hit the back of a fin, and sheared off the fin's corner. 
The holding capacity was seriously reduced. 

This projectile has never been used in coral. 
The CEL 20K anchor was used at Midway Island to place three tem¬ 

porary anchors. Modified sand anchors of the quick-keying variety were 
used. Penetration ranged from 3 feet in very hard coral to 10-14 feet 
in softer coral. The flukes were not load tested; however, one was 
pulled out during a dragging operation that was estimated to have loaded 
the anchor to about 50,000 pounds. It was estimated that the other two 
anchors were never loaded more than 20,000 to 30,000 pounds. They were 
left in place at the end of the operation. 

The results of the 20K anchor tests show the importance of select¬ 
ing the proper anchor projectile and emplacement site. The rock projec¬ 
tile seems suitable for use in competent rock, but does not perform well 
in rubble or on steep slopes. The tests in coral show that the penetra¬ 
bility of coral will significantly vary over a relatively small area. 
The rock projectile could have been used in the very hard coral to attain 
greater penetration and probably greater holding capacity. The soft 
corals would call for the use of a projectile with a more positive keying 
action to increase bearing resistance to pullout. 

CEL 10K Anchor. The 10K anchor is a new lightweight embedment 
anchor with a nominal holding capacity of 10,000 pounds (Figure 7). This 
anchor was taken to Midway for testing but was used for placing part of a 
temporary four-point moor. 
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Figure 6. CEL 20K anchor assembly with rock fluk 
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GUN BARREL 

TOUCHDOWN PROBE 
(STOWED POSITION} 

SAFE AND ARM DEVICE 

GUN ASSEMBLY 

REACTION VESSEL 

FLUKE ASSEMBLY 

CLAY FLUKE 

SAND FLUKE 

TOUCHDOWN PROBE 
(READY POSITION} 

Figure 7. CEL 10K anchor assembly 
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Rock Bolts 
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have less influence on the holding capacity than the condition of the 
rock .at the expansion shell. 

Table 2. Holding Capacity of Large Rock Bolts in Quartz 
|i Monzonite (after Distefano and Boldan, 1965) 

Ti 
Bolt' 
Si ze 
No.— 

Bar 
Di ameter 

(in) 

Expansion 
Shell 

Di ameter 
(in) 

Length 
(ft) 

Hoi ding 
Capacity 
(kips) Cause of Failure 

14 « 1 3/4 3 6 160+ Material failure of 
bolt threads 

n 1 3/8 2 1/4 6 
and 
16 

76-84 Rock failure 

8 1 1 5/8 4,6, 
and 

8 

2-38 Badly fractured 
rock 

The recent development of a diver-operated underwater rock drill 
at CEL (Figure 8) has allowed the use of rock bolts as an anchorage for 
submarine cables and small craft. Various types of rock bolts (Figure 
9) were tested undemater during development of the rock drill (Brackett 
and Parisi ,1975). It was found that rock bolts are effective anchors in 
competent rock, with holding capacities increasing with greater bolt 
length and diameter and higher compressive strength in the rocks. The 
size of the bolt used is limited to the size of the hole that can be 
drilled. The CEL rock drill is most efficient when drilling 1-inch- 
diameter holes and can easily drill to an 18-inch depth. The tests show, 
however, that the full strength of a 1-inch-diameter bolt can be mobilized 
in a hole 6 inches deep; deeper holes.are not really necessary. 'For bolts in 
the 1- to 1 1/2-inch-diameter range, a depth of 12 inches is usually 
enough to develop full strength. Tests indicate single bolt pullout 
loads as high as 45,000 pounds for a 1-inch-diameter bolt. 

A new, larger rock drill is now under development at CEL which 
allows drilling of up to 4-inch-diameter holes to at least 4 to 6 feet. 

High-capacity moors can be obtained by securing padeyes with 
several bolts (Figure 10). Experimental results using three 1/2-inch- 
diameter stud bolts show the resulting holding capacity to be about 90 
percent of the sum of the individual rock bolt strengths with the bolts 
spaced at about 5 1/2 inches center to center. In this particular 
experiment, the individual bolt strengths were 10,000 pounds, and the 
padeye failed at 27,000 pounds. 

At present, the use of rock bolts is limited to diver depth as 
installation is manual. However, the bolts could be emplaced at greater 
depths by using a submersible. 
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Figure 8. CEL hand-held hydraulic rock-drill for 
use by divers, 
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The results show that rock bolts are suitable for use only in 
competent rock, the harder the better. Soft rock and fractured rock 
do not allow.full development of the rock bolt strength. 

Grouted Anchorages 

Grouted bolts, cables, or bars are more consistent than mechani¬ 
cal anchorages in developing high holding capacities in terrestrial 
applications. This is especially true in badly fractured or low strength 
rock that is not amenable to the use of rock bolts. 

Grouted anchors are basically deformed bars or cables placed in 
a drill hole which is backfilled with grout or resin. Various companies 
have different configurations of the anchoring cable and different methods 
of drilling the hole (Figure 11). The grout is selected to develop 
enough bond strength with the rock interface to prevent pullout of the 
grout plug. The anchor rod or cable is sized to allow enough bond area 
with the grout to develop the ultimate tensile strength of the anchor. 
For example, about 4 feet of grouted length is necessary to develop the 
ultimate tensile strength of a #11 bar (1 3/8-inch diameter). This would 
give a holding capacity of 93,600 pounds. Grouting is advantageous in 
that the bar may be secured, even in badly fractured rock or low-strength 
rock. 

There is offshore technology available for placing large drilled- 
in and grouted anchors. Piles and caissons have been placed into sockets 
drilled into bedrock and then backfilled using the tremie process in 
depths of 170 feet. The oil industry has used drilled-in anchors to 
moor exploratory drill rigs. The anchor is placed by drilling a hole, 
inserting chain, and backfilling with grout. A 9-inch hole can be 
drilled in 20,000 feet of water. The AEC has developed a large-diameter 
rock bit with which holes to 42 inches in diameter have been drilled. 

There are problems when attempting to drill into exposed rock. 
In most drilling, the sediment cover provides directional stability to 
the drill bit; on exposed rock the drill bit will wander over the sur¬ 
face. The use of a drilled-in anchor on exposed rock seafloors is, thus, 
limited to the depth at which directional stability can be provided to 
the bit through the use of a stiff- drill string or bottom template. 

The difficulties of using grouted anchors underwater on a smaller 
scale are related to the difficulties of placing grout underwater. An 
experimental grout-dispensing system for use by divers (Figure 12) has 
been developed (Parisi and Brackett, 1974), but further improvements in 
this system are needed to insure placement of quality grout in the 
volumes required. This system could be modified for use by a submersible 
to allow placement of grouted anchors at greater depths. 

ROCK SEAFLOORS 

The types of rock found on the seafloor consist of both continen¬ 
tal and oceanic rocks. Continental-type rocks are exposed along the 
continental margins in areas where currents are fast enough to prevent 
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Figure 11a. Configuration of VSL anchor (after Ground 
Engineering, 1968)* 

Cylindrical Type Cane Type 
Undercutting Undercutling 

Figure 1Tb. Configuration of Universal Anchorage Company 

grouted anchors(after Ground Engineering 1968) 
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Figure 12. 
Experimental underwater grout-dispensing system 
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sediment deposition or to erode pre-existing sediments. Typical examples 
are submarine canyons, tidal straits, and rocky, wave-swept shorelines. 
Glacial debris may also be found on the seafloor in the form of moraines 
or ice-rafted boulders. 

The materials which form most oceanic topographic rock features 
are composed of coral and basalt. Figure 13 shows the distribution of 
these features (seamounts, islands, atolls, and guyots) around the oceans 
of the earth. 

Basalts 

Most oi tne rock found in the oceanic regions is extrusive basalt. 
Extrusive basalt is formed by lava extruding from the earth due to ter¬ 
restrial and submarine volcanic activity. The rock is exposed in areas 
of past or present volcanic or tectonic activity such as the Mid-Atlantic 
Ridge, seamounts, and guyots. The type of basalt composing each feature 
may differ widely in physical characteristics. 

Seamounts are volcanoes which never built up enough to reach the 
sea surface. They are constructed mainly of fluid lava emptying from 
summit rifts and craters but lack the large summit caldera and ash cones 
typical of subaerial volcanoes (Menard, 1964). Observations from Project 
FAMOUS (French-American Oceanographic Underwater Survey) indicate a simi¬ 
lar mode of formation along the median valley of the Mid-Atlantic Ridge 
(Heirtzler and Bryan, 1975). 

Guyots, volcanic islands, and atolls are similarly formed but 
these features are submarine volcanoes which reached the surface and are 
now in various stages of growth, erosion, uplift, or drowning. Guyots 
are volcanoes which reached the surface, were eroded by the waves, and 
then were drowned or subsided to their present depth. Atolls are’islands 
or guyots which submerged slowly enough to allow a fringing coral reef 
to build upward as it sank. 

Many varied forms of lava extrusions have been observed (Figure 
14). They consist largely of pillows or tubes, either filled or more 
rarely hollow, depending on the history of the lava flow. Photographs 
of flew surfaces around the base of the island of Hawaii at 10,000 feet 
and 13,500 feet show a predominance of bulbous forms (12 to 27 inches 
across) that appear to be the typical configuration of a submarine 
basalt known as pillows. It could also be the ropy surface of a lava 
form known as entrail pahoehoe (McDonald, 1967). 

Pillows observed on land have glassy surfaces caused by the sud¬ 
den cooling of the outside layer of lava by contact with water or satu¬ 
rated sediment. The interior of the pillow has a radial structure and 
appears to have cooled from the surface toward the center with a slightly 
greater abundance of vesicles (if present) along the upper edge of the 
pillow. Dredge samples of submarine pillows are usually broken in 
wedge-shaped fragments due to the radial structure and will sometimes 
pop and break into pieces when brought to the surface due to the expand¬ 
ing gas in the vesicles. 

Normally, lava is filled with dissolving gases which come out of 
solution to form bubbles in the hardening lava. This is what gives 
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Figure 13a § b. Distribution of 
islands, atolls, 
(from Menard and 

seamounts, volcanic islands, low 
and guyots in the Pacific Basin 
Ladd, 1963). 
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Figure 13c. 

at1oHs!’lndn^yotsa?nhl’„oU1daniCliS-andS- l0" iSla"ds- 
Cfrom Menard £^d Lad'd/ms)0!1" eXClUSive the Pacific^ 
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Figure ll; 

E SUBMARINE LANDSCAPE of ]2va waS ob- 

!'if‘ of two lava-flow fronts in tl,e Mid-Atlantic 

dr;:' ,nE is ,>afe(J of .be scene made Lv o„e of 

!.S " ho f"'cd o"e of tbe observers aboard tbe 

>nE fVeE lnto !hE Mid-Atlantic Rift. Tbe numbers 
ome of tbe Java forms that were observed: (I) bulbous 

;>h Knobby budding, (2) a flattened pillow formed by the 

n3i'e of ,ava "h:Ie t,1E B.iJ! plastic, (.?) a hollow 

hf “ ■ <*»■. '■'* >™tw • saw rtJZLt’.ZZZ* 
",tr“ pl"Z‘ '’r" °L ,z- -teeu cl mcc 1 P,6 (/) a breccla cascade, formed on very 

- eep lopes where .be lower end of a„ elonsa.e pillow has ru^ 

.ured, releasing a cascade of fluid lava, and (S) an eloogate pil nw 

•'•’"••‘1’"° ■ t™ .t™* , Io„ti,„aio,, 

-rrom "The Tloor of the Mid-Atlantic Rif 
-lyan. Copyright 1975 by Scientific Am 

t'^by J. 
sricanj 

R. 
Inc. 

Heirtsler and W.B. 
All rights reserved 
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subaerial flows their vesiruian'fu . 
ject to high hydrostatic pressure^hirh Ver’ dGep Water flows are sub“ 
sion of the., dissolved gases. The result^sueparat'on a"d exPan“ 
the basalt should be nonvesicular Fnrhlc ^stbeiow. about 6,500 feet 
the characteristics will be about’thp baSaUs tfound in shallow water, 
2,500 feet, 10 percent of the vesi35 5ubaei"ial ^ows. Above 
than 0.5 mm and the rock has a ^aVe an avera9e diameter greater 
increases, the vesicfes become c^nflC 9?"ity °f 2'8- As the dePth 
are rare and the specific gravity is a'bout 3 0^' ^ VeS1‘CleS 

at much greate^depths^hanExpected ^BasaTIf1 ^ ba^alts are found 
vesi cularity have been found nn B alt Wlth a subaerial degree of 
basalts were probably formed when th? 35 ?6ep 35 6’500 feet‘ These 
nearer the surface nf tho + guyot v^as at least 3,300 feet 
volcanic islands with truncated^nn^^^n^ aPPear to be drov/ned 
such as basalt cobbles and pebbled anH^nklfd W1 th.et;osi°nal debris 
Therefore, the type of rork^n ho r 3na SOnietlmes W1th low coral banks, 
without sampling^ The rock mav be is “"Predictable 
overgrown with coral, and ther/subrner^d at51°mi?ear the surface’ eroded, 

° hr ™t«"?ctpr„9^;ph?^aaiuereTts may occur in 
-■ty of physical"characteristics fn ^ t0 the di-r- 
depending on the depth at which the basalt waJfn vesicul an ty will vary, 
structure will vary accordinn tn Dasalt Va^ fonned, and the crystal 
and the rate at wh7chTt wIs'cooled oTe^l™ ^ ^Va 
subject to chemical and physical weather^no^h^0^!?35 poniied> U is 
In addition to this variatinn in v/eath?r^n9 that will reduce Tts strength. 

differ in the amount of jointing andeflactSI-inerf1'eS ’ the ™Ck lnass may 
Examples of this variation in 8 fr0m one site t0 the "ext- 

of basalt taken during SUPSALV ‘nrhnr^tn^t ]es are available. Samples 

California. ibdicated9a S hm dt" ha dne s ofv ^ t* An?CuPa Is,a"d- 

pressive strength of 45 400 nsi a f f-C1al forniaL'lon3 show a com- 

a"d 3 P?f (DeerTa9a2tHl,?ieUl:5,906f6).K3 X 10 PSl' 

will perform in pniow^asalt^n^few^estsT1"5 h™ 3,1 eml:>edment anchor 
evaluate performance in other'basalts nH ?avLbeen “nducted to 
and structure of submarine basalts a’hm-f6 t0 the variability in strength 

tioning may be reguired^o ensule prope? piacemeT ^ aCCUratB P°Si- 

grouted^rtoHe^d^a^oad^3"^0"'"8 W0U,d bd t0 -ck bolts or 
to the padeye. Beyond diver denth th'6 m00,rln9 line could then be secured 

or remote-controlleS submersible9 huJ ,h°U,d-^t,lJire the use of a "™"ed 
carry out a bottom surve^lle^ if embedment be "eCfsary to o , even it emoeament anchors were to be used. 

Coral 

to ide„tifyaVvarietly",olycaVl«SoSsmma1errtaisfdA^uaia«ril foras^^f^ 
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calcareous 
"coral" is 

by the inter- 

e^n^iwPr0KUCed Tf niaterials fomed by the secretion of a 

is a re[a?ive?y hIrSa?ock foraeS b'^SeT be1TP°Sed °f This 
the calcium and magnesium carbonates prodiced by^Srarfors^’l3410" °f 
dense, crystalline material. Limestone is n<n?n, r I ^ lnto a more 
shell deposits have been exposed ?o f?esh „ate? yTh,?f? ^ “ral or 
a reef has emerged from the sea due fn /h ! Could occur where 
level or where fresh water sprinqs oJcur^ nS °r+dUe ^ a 1owen'n9 
found at former coral sand beaches that havp ^ also be 
dissolves the coral and becomes satirated ^ dean s^bmer9ed. Fresh water 
this saturated solution comes in conLrt Carbonate‘ When 
carbonate is precipitated fonninn ?^ft+W1th water, the calcium 
surrounding particles. ’ 9 mestone and cementing together any 

comprises the varfous^foras'o/partialIv^e03''?VPr°n?UnCed kas“l<a-ho)> 
quality cascajo consists^of fL'sto e f^gmenjs eit0^1 d?5n'S- Hi9h- 

.debris.Wh^le qUalUy for“ 

cate an unconfinedPcompresslve°strength o^rilM6'1 by "ff 1949’ 1ndi‘ 
gravity of 2.6 for limestone! itzTI zIorte/cJra? bUlk-sPedfic 

(Smi^90?9 7frindicaSle£ °f reef COral take" anchor 

so ?hen9geCnePrarefficS'ln™toafnea^edthaJ are Possib,e i" sediments', and 
Maximizing ih s efflcienL wi?f r^f- anch=>rs is improved in co^al. 
due to the va i bjlity JCl^foZl 

due to the low comparessniJeaslrentgtheofl?hemmfteH1?i"9WhCa!>ai1'ty in COra1 

‘fnsSiL^nt^ ?-T'thfdnri!rhdoie and 

they have been used to tie down a snhfF^ 3pFl1 ’oatlon5 1 for example, 

Kauai^, solid ^me^-s^oor^ni^^I-?--^ 

IS?1™ “ 

=.%i's.;SE~sE 
reliable high-capacity grouldln^orcoulVbe'empWed!63"00''Where 8 

and 1.8 to 2.4 
test sites 
2,500 psi. 

Much higher 
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ROCK PENETRATION 

Impact and Penetration Phenomena 

+ ? co^dfrable amount of research into the behavior of rock under 
dHnin °adHn9-ha£ been f?nducted in °^de>" to understand and improve 
drilling and mine excavation techniques. These studies have concentrated 
on deve oping models and failure criteria for rock under ynamic oadino 

. ELarly tests were conducted by dropping weighted chisels from 9' 
vanous heights onto limestone samples and mo^U^lno the bn fo^e 
versus bit displacement during penetration (Penninoton 1954) it was 
found that,for a 1 impact energies, an initial puTse wSs produced o^ the 
same force over the same depth of penetration (Figure 15) Imoacts with 
insufficient energy to surpass the proportional limit of this initial 
peak point B on Figure 16} were rebounded, while those with Greater 
energies continue to penetrate. Thus, it is apparent thai the^eIs a 

l?n a gC?JennmarterialU1re<i t0 '"itiate Penetrati«" ^ ^ given projectile 

down inieon?:r^glfo0nUs"V?gutrethii)i"iTtLa1f’isT?Iof"k ^°ken 
tenzed by the crushing of surface irregularities Thereafter ^he^it 

rioion^A Ban?sltted thr°U?h ? thi" lai,eV of c™bed rock Ihe second 
damaoe’ At’ooint B 9thi a«ompanied by some surface uctmage. mc point d , the proportional limit, the rock has rearhpd itc 

thTtlref ofrthfbitandIheWed9t °I 8rushed- compacted rock forms under 

Eidakt£'luE/L?i/frdSSth"aSro9r"hi^ 

17)(from oSttl, 1972) ' SeneS °f rePeated Chl'PPi"9 aCt,'°n5 (Fi9ure 

tories (pitte«mrait972ltr™f1r' l’"18510"8 Performed by Sandia Labora. uuries gratters on, 1972) confirm the same failure mechanisms bv thP 

iie^enl^t hrrnigiSreti?8i f8’ldr8/d"8d.^erved in “k^unding 

to the body and about onelhalf io Jne^^f d a^teTth?^" T^U 
remanns of the crushed rock wedge which d pushed aside « cMpiinu 

[UrSh I036 ^ °f the chipped rock; it was a layer of brecciated 

rnnstpmt i u'dmeT:ers tnick. All the zone dimensions were 
constant from the rock surface to the tail of the oroiectile- at that 

below tt sS.t0 3t 3 P°1nt 8PP™ximate,y 1 inch 

resistance !IfS-hpenrtratJ-0? Statp °f the rock shows that most of the 
nose section ?hpCtl 9 ? ?TCt Uplift wil1 be developed at the 
elastic Strain in^hp °J rI0ken rock is smallest so more of the 
to the proiecti e and Ih,? °Ck °f 2°ne 3 Can be tra"s™‘tted directly projectile and, tnus, increase frictional resistance to pullout 
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Figure IS. Bit force as a function 
for several single blow 
Pennington, 1954). 

of displacement of bit int 

drops from various heights 

300C 

2500 

2000 

1500 

lOOO 

---- 

QQooOC 

OoO° ^oo 
° o 

o f oo 
„ O o_ 
o 00 

coo \ 

O i 
a 

o 

° j 

o 
o 

o 

o 
- __Q 

B - 1 
o 

o 

o 

(0* A] - Surfoct crvsHinfl 

o ( A-B )-Dos4’*c defornalion *«ilh vcvr^ SL«bvurfoce Gcmoyt 

( B-C] - ond compoclinQ 

. 0 Lorye frocJure occurs in neighborhood of C- 

Ov 

O ' 

—-A 
o 

o 

o 
^-0 

Timt| 0.00002 per 

Figure 16. Expanded first force pulse of a force waveform for 
blow (from Pennington, 1954). 

rock 

(from 

i 

single 

28 



Figure 17 Shape of experimental force-penetration curves (from Dutta, 1972). 
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Figure 18. 
Damaged rock zones around a projectile embedded in rock. 
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“e cMpp^^’.16 - anchor Would be a shape w(). ■ 
.. Three of the San die „ t P hlch mn'mzes 

:njzettei rebrdsd ' 

amou"t experfenced^’= 5 ’3/’6'"^hes^r^'orp^ ThiS 

t en tes^tae^r™0 

,ast,c behavior of the ?0ck ’“J of tlle tocIc tested ° rhompress'*^ 

tbe protet?i"toCmI?haeihnV0ndlSt,0“e^ cLs^ “^^^Ldinp 

phenomena and dynamic ]oad'd occur' «e must look forth0 understand why 
Phenomena have wncentrafed"9 °f roc,:' «o^ recent st u-,nto imPart 
enh, in particular whv lA0" euxP’?ining the impart J m65 of imP0Pt 

sta^iffo^ding’wlre s^mm6re"’lire'ssdyla™"° ?tatic 

the pulse has traveled fh httle crad;s do not hale than the 
^ns results in an pmnt, ^ ?U?h the rock and thp' cf6 tlmf t0 9row before 
^‘on, the pulse affects ronlvlnCreaSe ln ^P^ssi ventre35tneen removec|. 
may develop in one rS? ^ La Sman Portion of Jhf Stren9tfl* In addi- 
Compression pulses ma? ,°i W1,thout af^cting thef rnrlf50 id-5 and fractures 

distoli0" puf^ a"d whe St°hebeDurr'eCted fT°m su°rC ac0eUto:dl thf* Tepiln. 
oistortional and dilatVm i ?u]se meets a bound^ J01nt to give 
superposition of such ouS P“lses ^ Produced The ,;<,Uely* both 
and fractures thrnunh ^ ses may cause very romni lr|tecference and 
capse even ductile Um9ahtethr?rcf phe net eifea”^*^5 d’'strib.ut1 ons 
dynamically ,0^^ -,s to hehave like hrittle^tl^,!^- °a" 

the projectile0 'ihis’is^lff^" ItresVtte^c^T10 cc,”pressive 

-e X notPh ° " -,7 

Then the r°ck id--tihn« 

but the density anj sflr th3™0^03^ basalt unlikf1 (LlndhPlm et al 

ln tbe pteanicybasa, stre"9th are w1‘hin the same’ I ba£alts- 
. At ocean temperatures th • °Se expected 

weired to initiate5^?- -|^ss^d that the minimum 

to the Strain rate and 
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□rL5^ (tFh;Ure! *9 a^d 20)- The hl9her the St''31" rate and confininq 
pressure, the greater the compressive failure strength and thus trip" 

?0reck1nr 0he000ne;^t,'c?U„taieeqU^d t0 aSSUre peneiS.^he^e " 

i den ti ca^on^nea^the TzZ d uT^o’an^rSostM^e^^t3" 
crease in compressive strength. Ironside 1“ s : „ r te's thss’me'ans 

k nettJ e^eVov^bS1 fr0nta, a"d a"ea and ihe s^me 
penetrate further dlfferent veloc,tles- ^ al™er projectile will 

Penetration Prediction 

.Penetration Equations. The basic pqnatinn iis°d for Dcnctntinn 
™Lh °rTOo„-velocity projectile in a l^-stre^gth material is ba e2 
upon simply momentum transfer (Maurer and Rinehart, 1960). 

P 
Ki 

(V0 - Vc) (1) 

where P - depths of penetration 
K-] = constant dependent upon mechanical properties of the 

target and projectile materials 
a = frontal area 
M = projectile mass 

V0 = terminal impact velocity 
Vc ~ critical impact velocity 

ness vanes, with 
must be 

uie macenai nard- 
to 
on 

The critical impact velocity, V 
The terminal impact velocity, Vn, must be Greater than v' 

penetrate the target material. The depth of penetration depends 

penetration.eXCeSS °f ^ CritiCa, Val"e "e™ toTjilte 

equati on‘i s ^ gi venPbydeCtl ^ velocities' a citable penetration 

the 

P - Kc In (1 + K3 V02) (2) 

where K3 and h3 are constants. This is the general forni of the Poncelet 
equation developed in 1829. Most rack penetration equations since tha? 
ttme have been devoted to modification of the equation and findina sa?is 

C°m and K3- of ™stf,usd;39 SatlS- 

P a K 1°9l0 (] + 215^00' ^ (3) 
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Figure 19. Compression strength as plotted as a function of strain rate 

and temperature (from Lindholm, et al., 1974). 

Figure 20. Effect of confining pressure on the strain-rate dependence 
of the compression strength, (from Lindholm, et. al., 197U) 
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where a = frontal area, in2 
V0 - inpact velocity, ft/sec 

W = projectile weight, lb 
K - constant depending on target material 

was developed by the U. S. Army Corps of Engineers to predict bomb 
penetration. 

The most extensive and wel1-documented studies of rock penetra¬ 
tion have been conducted by Sandia Laboratories. They tested air- 
deliverable penetrometers in both soils and rock. On the basis of those 
tests, an empirical equation was developed (Young, 1967) to predict the 
depth of penetration. Two equations were found: 

P - 0.53 SN (^-)1/2 In (1 + 2V210“5) 

P = 0.0031 SN (~-)1/2 (V - 100) 

V < 200 fps (4a) 

V > 200 fps (4b) 

where S = soil or rock coefficient 
N = nose shape coefficient 
A = frontal area, in2 
W = projectile weight, lb 
V = projectile velocity, ft/sec 

Further tests of the penetrometers were conducted in rock (Patter¬ 
son,-1972) and Young's equations were found to correlate best with the 
test results. In this work, rock coefficients were found to vary between 
1 and 3. 

For predicting penetration of embedment anchors, the best equation 
at present is Equation (3), the modified Poncelet equation. Young's 
equation, (4b), is of interest because of its inclusion of a nose-shape 
coefficient. Unfortunately, embedment anchor shapes are completely dif¬ 
ferent from the shapes which have been previously investigated. A series 
of test firings of anchor shapes into a rock for which S, Young's soil or 
rock constant, has already been determined would be necessary to determine 
N, the nose shape constant. In addition, Young's equation does not seem 
to follow conclusions that, for projectiles of the same shape, frontal 
area, and kinetic energy, heavier and slower projectiles will penetrate 
further. 

Selecting Rock Constants. The development of methods for predict¬ 
ing pro jectiTepenet rati on in rocks can follow one of two paths, an em¬ 
pirical solution or an analytical solution. To date, complete under¬ 
standing of the variables involved has prevented a totally analytical 
solution, and so empirical constants are used even in analytical treat¬ 
ments of penetration. These constants are most often selected to repre¬ 
sent the soil properties and the shape and material properties of the 
projectile. Problems arise when constants are used to represent rock 
properties, because the dynamic properties differ significantly from the 
static properties, the basis upon which most soil constants are selected. 
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Table 4. Deere and Miller 
for Intact Rock 

I. On Basis of Strength 

—^a5S_ Description - 

Very High Strength 

B High Strength 

c Medium Strength 

H Low Strength 

E Very Low Strength 

11. On Basis of Modulus Ratio 

Description 

High Modulus Ratio 

Average Modulus Ratio 

Low Modulus Ratio 

Classify rock as B, BH, BL, etc. 

Cl ass 

H 

L 

Engineering Classification 

Uniaxial Compressive Strength, 
_lb/in^_ 

Over 32,000 

16,000-32,000 

8,000-16,000 

4,000-8,000 

Less than 4,000 

Modulus Ratio1 

Over 500 

200-500 

Less’ than 200 

1 Modulus Ratio = Et/cra(ult.) 

where Et = tangent modulus at 50% ultimate strength 

era = uniaxial compressive strength 
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Figure 21. Nomograph for determining compressive strength of rock using 
Schmidt hardness and dry unit weight (from Deere and Miller, 1966). 
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Figure 22. 
Nomograph for determining rock 
and dry unit weight (from Deere 

modulus using Schmidt 
and Miller, 1966). 
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capacity based upon graphical relationships developed between bolt size 
and type, rock compressive strength, and embedment depth (Brackett and 
Parisi, 1975). These relationships are too extensive to present here; 
however, they are available from the referenced work. Since seafloor 
rock bolts must be installed by divers, inspection and sampling of the 
rock is possible at each site. The knowledge gained from such surveys 
facilitates estimations of the holding capacity. 

Estimation of the holding capacity of a properly grouted anchor 
rod is also possible, provided the bond strength of the grout to the 
anchor rod or bar is known. Using the American Concrete Institute (ACI) 
standards for ultimate strength design (ACI, 1963), the bond stress, uu, 
for normal deformed reinforcing bar (ASTM A 305) shall not exceed: 

9.5 /f^ 
- nor 800 psi 

D 

where f^ = compressive strength of grout (psi) 
D = nominal diameter of bars (in) 

Using the allowable ultimate bond stress, uU} and the bar 
dimensions, the holding capacity, HC, may be calculated as: 

HC = uuTrDL 

where L = grouted length of bar. 
’ ' ; ' ! 
By properly sizing the bar length, the holding capacity can be 

increased to the yield strength of the bar. By adding a plate or ferrule 
to the bar, the anchor can mobilize bearing strength to replace bond 
strength. In this manner, the bar may be shortened. The bond strength 
of the grout with the drill hole wall would become the limiting factor, 
as the anchor wouldtend to pull the grout plug out of the drilled hole. 

The real variable in estimating the capacity of grouted anchors 
is the compressive strength, f^, of the grout. Properly placed grout 
could have an fc of 5,000 psi; poorly placed grout may be completely use¬ 
less. In addition to placement, the age of the grout will influence the 
compressive strength. The strength of concrete and grout gradually in¬ 
creases with age, rapidly for the first seven to ten days, then at a 
slower rate reaching a practical maximum after twenty-eight days. Studies 
of subaqueous concrete (Lorman, 1970) show that subaqueous concrete cures 
slaver than concrete poured and cured under standard conditions. Thus, 
the use of grouted anchors may require considerable time for curing before 
full strength is developed. 

Predicting the holding capacity of an embedment anchor is a more 
complicated matter. Holding capacity for a vertically-loaded anchor is 
obtained.by friction between the fluke and the rock. Uplift alone is 
considered for two reasons. Following embedment, the downhaul cable 
leads_directly to the surface through the penetration path; therefore, 
even if a load is applied at an angle, the rock will prevent the cable 
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from pulling at any angle but up. Direct uplift is also used because it 
will be the worst case of loading. 

However, little work has been done to determine the state of stress 
between the rock and the embedded projectile. It is the amount of in¬ 
duced stress that will determine the holding capacity in hard, elastic- 
rock wi th a high RQD. During embedment, the rock is elastically deformed. 
At the end of embedment, the rock will strive to recover elastically and, 
depending on the strain rate during loading, viscoelasti cal ly. This re¬ 
covery places a compressive stress upon the projectile. The holding 
capacity will be determined by this compressive stress, the stressed area 
of the anchor, and the coefficient of friction between the anchor and 
rock. Some adhesive effects may also occur. The outer skin of the 
Sandia penetrometers melted during penetration in rock, adhering to the 
surface of the penetration hole (Colp, 1968). 

Thus, an equation can be formulated to determine the holding 
capacity (HC) as: 

HC - \i f'c hi + aA2 

where y = coefficient of friction 
fc = compressive stress 
A\ = stressed area 

a = unit adhesion 
A2 = adhesive area 

The actual solution of this equation cannot be carried out at this 
time due to the lack of quantitative data from previous rock tests. An 
investigation of the rock before and after penetration is needed to de¬ 
termine the change in stress, possible changes in mechanical properties, 
and the separate effects of friction and adhesion. 

If the rock is badly fractured or is too weak to resist loads 
through frictional resistance, the anchors in their present configura¬ 
tion are designed to rotate, digging the front and back ends of the fluke 
plate into the rock. However, there may be a tendency for the anchor to 
slide right back out the slot made during penetration. The MERDC anchor 
has small keying flaps at the traijing edge of the fluke to initiate 
rotation. In weak rock, this sort of device would dig into the rock with 
more dependability than a system relying solely on eccentric loading. It 
is interesting to note that,on every MERDC anchor recovered after tests 
in coral, the keying flaps had failed. This may indicate that the anchors 
were held in place largely by the action of the keying flaps and that 
when the flaps failed the anchor failed. The determination of holding 
capacity in soft or badly fractured rock will be extremely difficult. 
The holding capacity will vary widely, depending on how the anchor keys 
and upon the depth of rock where it finally does key. An estimation of 
holding capacity can then be made if the state of the rock above the 
keyed anchor is known. This solution would be similar to the determina¬ 
tion of the holding capacity of the anchor in sediments. 
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RECOMMENDATIONS 

Site Survey 

1. The determination of geotechnical properties are of primary 
importance in selecting a method of anchoring. Samples of the seafloor 
rock should be taken for laboratory testing. If laboratory testing is 
not possible, the determination of Schmidt hardness and dry unit weight 
can be performed in the field and used to classify the rock based upon 
Deere and Miller's classification system. 

Present methods of determining geotechnical properties of 
seafloor rock are limited to testing grab samples. Core drilling is 
possible but too expensive to be warranted in most cases. Improved 
methods of quickly determining the in-situ properties of seafloor rock 
would greatly aid the anchor selection process and improve the confi¬ 
dence of holding capacity predictions. 

2. If an embedment anchor is to be used, it is recommended that 
the anchor site be accurately mapped and marked or visually inspected by 
divers or television camera to insure that no bathymetric hazards such 
as ledges or extreme slopes are present which could prevent proper 
embedment. 

Anchor Selection 

Following the classification of the seafloor rock, the choice of 
an anchoring method would be made. The final choice would depend largely 
on the operational requirements, but the following recommendations are 
based solely on the state-of-the-art capabilities of the anchors. 

1. For coralline and soft rock seafloors, the embedment anchor 
is the most desirable method of anchoring. 

2. For competent, hard rock in shallow water, the rock bolt is 
the most desirable method of anchoring. Installation is by divers and, 
so,is depth-limited. 

3. For hard rock seafloors beyond diving depth, the drilled-in 
and grouted anchor is the best method of anchoring. The capabi 1 ity of 
drilling sockets into hard, exposed rock is also depth-limited. The 
exact depth limit would be difficult to define, but, in general, the 
drilled-in anchor technique is not practicable in ocean depths greater 
than 200 m. 

4. For hard rock seafloors in depths beyond the capabilities of 
the rock bolt and drilled-in anchor techniques, the deadweight anchor is 
the only proven alternative. The limitations of the deadweight method 
are due to its low efficiency in resisting horizontal loads and its high 
instability on a slope. 
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Interim Projectile Selection Guidelines 

The limitations of the various methods of anchoring in deep, 
exposed hard rock demonstrate the need for an effective rock anchor. 
The embedment anchor has been very effective in shallow-water basalt 
when the anchoring site was properly chosen. Land testing of the 
embedment anchor in typical oceanic basalts would allow an evaluation 
of these anchors as an alternative to more expensive or less reliable 
anchoring methods. 

Land testing of the embedment anchor in rock is to be conducted 
in FY77 to determine what factors affect holding capacity. Until test¬ 
ing can be conducted to determine the aforementioned factors, a general 
guide of wnich embedment anchor projectile to use in various types of 
rocks may be outlined as follows. 

1. In hard elastic rock, such as basalt, the use of the 20K 
anchor rock projectile should continue with some possible modifications 
in the fluke fin plates and downhaul connection. Shorter, lower aspect 
ratio fins are recommended to increase penetration. The original fins 
were provided for moment resistance, but smaller fins should adequately 
serve that purpose while reducing frontal area. The eccentric downhaul 
connection will be most useful when the projectile is completely em¬ 
bedded; however, no projectile fired into competent basalt thus far 
has done so. By narrowing the fins, some eccentricity is sacrificed 
but penetration is increased. 

2. As the rock becomes weaker and less competent, the size of 
the fins should be increased. The present configuration should be 
suitable for weathered basalts and hard coral limestones. 

3. In the weakest rocks, such as reef coral, a sand anchor pro¬ 
jectile should be modified for use by increasing the nose taper, adding 
a keying flap or spur to the trailing end, and eliminating the connecting 
links to the downhaul by direct connection to the projectile as is done 
in the rock projectile. 

Anchor Guideline Development 

Future development of the various types of rock anchors will ex¬ 
tend the capabilities of each anchor and will provide further alterna¬ 
tives to the mooring designer. General guidelines for anchoring in rock 
should be developed which will allow a rational procedure for choosing 
an anchoring system based upon the operational needs, the support avail¬ 
able for installation, and the seafloor conditions. 
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English to S.I. Conversion Factors 

To Convert To Multiply By 

inches (in) 

inches (in) 

feet (ft) 

feet (ft) 

pounds (lb) 

pound-force (Ibf) 

kips (K) 

foot-pounds 
(ft-lbf) 

pounds per square 
inch (psi) 

pounds per cubic 
foot (pcf) 

feet per second 
(fps or ft/sec) 

millimeters (mm) 

meters (m) 

millimeters (mm) 

meters (m) 

kilograms (kg) 

newtons (N) 

kilonewtons (kN) 

joules (J) 

kilopascals (kPa) 

grams per cubic 
centimeter (g/cm^) 

meters per second (m/s) 

25.40 

0.0254 

305 

0.305 

0.453 

4.45 

4.45 

1.357 

6.9 

0.016 

0.305 

Note: Care should be taken in converting the penetration equations 
(Equations (l)-(4)), as the constants may be used only with 
English units. The best procedure to convert is to solve in 
English units and then convert the answer to S.I. 
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