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PROF. GOBLE is Chairman, Dept. of Civil, Environmental & Architectural
Engineering and Director of the Piling Research Laboratory, University of
Colorado. While Professor and Chairman of the Civil Engineering Department
at Case Western Rescerve University, George Goble developed a method of File
Capacity Determination from Dynamic Measurement that is gaining world
wide acceptance and use. Now at the University of Colorado, and head of a

. foundations consulting organization as well, 1’r0jl_belc is actively continuing

developments in this ficld. A native of Idaho with M.S. and Ph.D. degrees
from the University of Washington, Mr. Goble was a Fullbright Grantee for
advanced study in Germany. He worked with the U. S. Air Force, Oregon
DOT, and a consultant before starting a teaching career at Case in 1961. He
moved to the University of Colorado in early 1977. Prof. Goble is active in
manyv professional groups and has won honors in welding and structural
design competition. e writes and lectures extensively on pile foundations.

GARLAND LIKINS is president of Pile Dynamics of Cleveland and a consult-
ant to Goble & Associates. He studied under and worked with Prof. Goble on
development of pile capacity monitoring equipn 'nt. e holds a B.S. from
Cuse, an M. S. jfrom Case Western Reserve University and is a Ph.D. candidate

~there.

W. TEFERRA worked on the Ohio DOT project while a graduate student at
Case Western, then continued with Goble & Associates. e is now Senior
Engineer with Petro Dynamics, who do offshore work with the Pile Analyzer.

In 1972 the Ohio Department of Transportation changed their pile driving
specification to read, essentially, that H-piles driven to rock should be driven
to a blow count of 20 BPI (blows per inch), independent of hammer size or
any other consideration. Since this change in specification was controversial,
a rescarch project was undertaken to investigate it at Case Western Reserve
University under the sponsorship of the Ohio Department of Transportation
and the Federal Highway Administration.

The basic goal.of this study was to examine the performance of steel
H-piles driven according to the specification- under a variety of conditions.
Two sites were selected: once having a soft shallow overburden underlain by a

85 %



A : Tt momwuLditGg GodSe UV buLdEn g“’“”ﬁ* w o - s ﬂ
-y, soft rgck l.hat .becamc harder with depth (Cleveland). A soil profile f3, § Z ) i o ,;: § '
el 1s given in Fig. | and 2. : : ) “ S ] § .‘?3 EL’ ! he] ol
- . e Iv) —
dn_‘:\ .:nct}y (;f hdmmt.’,rs were u‘sed at each location and the piles were all = 5% m Lt" g:‘ % 5 : 3 dg § " e
an en odt e 20 BPI cntcrm: During driving extensive dynamic measurements §. E “ §§ E i\u i\u 3 E §"’ B & >
cre made. After completion of driving most of the piles were load tested a a = a 2 $2 152813 | & £ & |3 by}
statically and then extracted for visual examination. ' 5
ogl'li-d}fta obtained in these tests were quite voluminous. It will only be
I}:mc;l ¢ here to summarize lhc.res'ults with emphasis on the conclusions. A i Br.&Gra 18 h 30.4° [23.2 |B.64 42 58
more complete presentation of the results is contained in Reference . Clay ’ ) . ‘
5 (some 511635 4 |, 18 30.0 |23.9
Clay/Rock 19 122.7 |105.8{34.0 {22.8 |10.02 136 64
. { Fragments
. “ e g e Silt Clay [6,10,15/18 26.8 [19.4
o o - 5 w | 5 10
o 5 Sl & |2o|bs|F |BE |2 &
E jpp o U 8 bl o — Y b7 3 )
Kl b e . a1 = o = o | Stlt Clay 18 E 32.0 120.2 30 10
. * 1]
g 5@ geole 8382813 |2 |v2|ss 3.
oy o S35 RS B - a o4 /! oo Gray Clay [3,5,10 |15 25.0 118.2 >
a = mam |2 |2 kel = | S EE]EX 15 b
: - SR a Sw | Ow ~—{Hard Clay td 50 .4' |7 132.5 [115.8[27.5 {20.3 95 oI5
t Clay Shale |
0 Tog Brown YiWeathered - 7 E
oil SiClay Shale e
[} 1.2 <
. 2,3,6 _ 20 |clay Shale na
5 Clayey Si1 . 2:2 §E
1.3 a
26.4128 1.1 a2
6. -4/101.6(30.8(20.5/2.75 e
1.1 "o
10 25 {Clay Shale R
iy
2,2,3 o E
26.8(128.0{101.0 31.1120.212.59 !
15 |Clayey sil FIGURE 2 Soil Profile, West Cleveland (W92)
with few
rock frag- 27.51130.0{102.0{30.8|18.4]0.68
—ments Sandusky Tests—Driving to Hard Rock
Clayes si7¢2:3,7 |4 '
: .0j146. . . . . ,
20 fuieh grave] 6.91130.0 8.4 All of the test piles were 10 HP 42. This section was selected in order that
] 7.4 load tests could be run to failure at a reasonable force magnitude. Table |
16.24 gives the hammers used and the piles driven at the site near Sandusky, Ohio.
Hard Lim &S ’ 7.6 One vertical pile and one pile battered at one horizontal to four vertical were
25 € driven to a blow count of at least 20 BPI or until the pile had obviously been
Stone : 4.1 extensively damaged at its tip. Vertical piles with APF points were driven
with each hammer except the MKT 9B3. The 9B3 was not used for the piles
5.2 with points since this hammer was thought to be too small to damage the
] : piles without points so tip damage was not considered to be a problem. One
30 . additional pile was driven by the Kobe K-25. This pile designated K25-VE,
: A - was driven plumb without tip reinforcement and was used to attempt to drive
5.7 . a pile with a large hammer with no tip reinforcement and not induce damage.
The hammer was immediately shut down when it was observed that the tip
had reached rock. .
During driving, blow count was recorded as well as complete set-rebound
FIGURE 1 Soil Profile, Sandusky records and, for diesel hammers stroke or bounce chamber pressure, In addi-
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the Pile Capacity Analyzer. Analog records of each
recorded on magnetic tape. Thetransducers and recording. __/em are shown
in Fig. 3. Due to space limitation this recording and processing system will
not be discussed further since it has been described extensively clsewhere
(Ref. 2). The Case Method pile capacity is given for each pile in Table L.
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FIGURE 3 Case Method analyzer and recording system with transducers on
the pile in the foreground.

After driving, 12 of the piles were load tested statically. The capacities
measured are also reported in Table 1. All load tests were at Constant Rate of
Penetration; the Capacity was evaluated using Davisson’s procedure. ’

The Sandusky site was almost ideal in supplying the desired conditions of
4 soft overburden over hard rock. In the overburden soil the blow counts
were very low and in every case rock was reached within one foot of the same
depth. Driving continued in an attempt to reach the desired blow count. in
many cases for piles without pile tips the bottom of the pile promptly buck-
led and further apparent penctration of the pile was due to additional pile
damage. Since the overburden soil is about 22 ft deep, the amount that the
piles have been shortened can be determined by stﬂuruclixlg that amount.

During driving the performance of all of the piles with tips was the same.
Shortly after reaching rock that portion of the pile extending above the
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FIGURE 5 Sandusky Pile 520-V

FIGURE 7 Sandusky Pile 520-8
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ground ldned in gross bucking. Ot course, these buckie mwere cut otf
before performing the load tests. Also pile 08-V bucki “dAly at the top
after reaching rock, probably due to poor driving system ai.__ment. '

Some of the extracted piles are shown in Fig. 4 through 12. The condition
of the S20-P pile in Fig. 6 was typical of all of the piles that had point rein-
forcement. When the piles were extracted a back-hoe was used to excavate to
within about 4 ft of the tip to avoid additional pile damage du-ing extraction.
Even this depth of soil was sufficient to hold the tip and pull off some of the
previously damaged section, as seen in Fig. 10 and 11. Some further com-
ments are appropriate. Note that even though pile 520-B was badly buckled
and probably was shortened by at least 3 ft, it still carried a static load of
354 kips which is associated with a stress of 28.5 ksi. The smallest failure
stress was 8.6 ksi but that pile was further loaded to a stress of 12.4 ksi prior
to discontinuing the test. Damage of the type shown in Fig. 4 did not affect
the pile capacity. : :

Soft Shale in West Cleveland

iie soil at the second site graded gradually from a dense sandy silt to a
decomposed shale that increased in strength with depth. The general proce-
dure used in driving and testing was the same as at the Sandusky site, It was
not possible to obtain exactly the same hammers. The Delmag D-15 replaced
the Kobe K-13 and the Delmag D-5 was added. A Link Belt 440 was used in
restrike testing.

In the soil of this site driving was quite different. All piles refused without
any sign of damage except for one pile that was damaged at the top, probably
due to hammer misalignment. A summary of the piles driven is given in
Table I1. :
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FIGURE 10 Sandusky Pile K13-Vv FIGURE 11 Sandusky Pile K25-B

The results of the static load tests were surprising in that the piles that
penctrated the shale carricd much smaller loads than expected. The static
capucities for all piles driven with the 9B3 and the D-5 showed excellent
agreement between static capacity and Case Method prediciton. For all of
the others the static capacities, measured about two weeks after driving, were
substantially smaller. Two of the load test piles 520-V and 08-V were restruck
shortly after completing the static load tests using a Link Belt 440 hammer.
The Case Method Capacities obtained were substantially smaller and in good
agreement with the statically measured values,

At Cleveland, as at the Sandusky site, the attempt was made to pull all
piles. All but one, the K25-B were extracted. There was no damage except
the more heavily driven pies had their flanges warped out as shown in Fig 13,
This phenomenon only appeared on the piles driven with the large hammers
and not at all on those piles with tips. Apparently the flange warping did not
affect the pile static capacity,

CONCLUSIONS AND RECOMMENDATIONS

In this bricf paper it is not possible to present and discuss the results thor-
oughly. However, the conclusions and recommendations will be presented
without the detailed support. The reader having a decper interest should refer
to Reference 1.

1. The Case Method instrumentation provides a rehable, accurate me;
of measuring force and ucceleraion ar_rhe e ;

Tmmer blows,
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FRC ICASUTeInents dr¢ cdsiy mdde dind (cyuiie villy a m F’l..;up\‘\u“'\)l
the contractor’s opt’i‘rasion. v shovis good wgreement. w .
1e Case Method capacity show 2 . : :

cazr;ac;lt-; atcthc time of dynamic tests. If r:o'si.g_nifica.nt. soil cha‘ngcs”thbl:htltmhz
occur, dynamic predictions at the time of initial driving agree we wi :
static load tests. If soil changes with time are t",xpe.cted th.en. comparglsor??fo
static testing should be made with dynamic testing by restriking the pile after
: icient waiting period. ) : ) o
d;‘:‘fﬁscéf:p \or relifation effects can be obs.erv'ed by dynam}c tesh;g :).oth
during initial driving and also after various wait times in a restrike application.

4. Measurements of force and velocity can b_e used to detect and det;r-
mine the location of structural pile damalgc. This can be most useful for pile

isual inspection is not possible.
tyS?eS';;zcéizésziiélwzve Anaiysis Program (CAPWAP) procedure can b.e used
to obtain the locations of resistance forces and to separate the statxgwa‘:g
dynamic resistances using dynamic pile top .measu.re_:mcnts only. CA ‘
can also be used 'to investigate problems with driving stresses at locations
> e pile top.

O%}Ttrst:laa:ld?r)d xi’Vave gquation analysis p_rograms.su.ch as WEAP (Wz}ve ?quba-
tion Analysis of Pile Driving) which contain realistic hammer models can be
used effectively to investigate pile driving probl’ems. The Wave Equa.txor;
analysis is even more accurate when the correct soil parz}meters asﬂde‘tehrr:une(_
by CAPWAP are available. Comparisons of.Wave Equation results w1; xkolr]ce1
velocity measurements are necessary to verify .that the ham.mer—capb ocih- el-
met-cushion system is performing as modelled in the anai¥51s. Imprqpe. ar?-
mer performance, incorrect cushion or capblock properties anq macculratc y
assumed soil parameters are the main reasons why Wave Equation results are

often in error.
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FIGURE 12 Sandusky Pile K25-E
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TABLE 11

HAMMERS AND PILES ‘QDFTSHALEATCLEVELAND

KIPS

CAPACITY

STATIC

CASE
METHOD

APPARENT
FINAL
PENETRATION

TIPS

APF
PILE

PILE

RAM WEIGHT
LBS

RATED ENERGY
FT-LBS

HAMMER

"MKT 983

160
168

[al}
0

X

16°

1600

8,750

170

9B3-~p
9B3-B

DS

17
16’

141
124

144

gu

No

1100

9,100

DS

LS -p

61
282

184

520 No

30,000 5070

Link Belt 520

94

302
295

3w

17
17

520-pP

10"
gn

520-p

240

3go
395
363
332

17
lg’
18!
Pl
18!
18
18"
lg*
19

08 -v No

8000

24,000

Vulcan 08

3™
-
~ 3"
P

Yes

08 -p

No

08 -B

194

Di5-v
Dis-p

3300

27,100

D15

Ye

371 197
264

gn

No

D15-B
K25-v
K25-p
K25~B

501

g
_—
- g

No

5510

50,700

K25

317

481

No

RESTRIKE

184

213
224

520-v

18,200 " 4000

Lirk Belt 449

240

08 ~v

* Add VBP from Table |

TSI
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FIGURE 13 W92 Pile K25V

7. All piles driven to the hard limestone were at one time capable of sup-
porting loads similar in size to the pile yield load. These maximum pile
capacities were observed by either Case Method testing or by static load tests.

8.  Continued driving in the attempt to obtain several inches of penetra-

tion into the hard rock only led .to structural pile damage, confirmed by elec-

tronic measurements and pile extraction. This structural damage was some-

times responsible for large reductions in 10ad capacity.

9. Larger hammers (08, K25) clearly damaged the Sandusky piles before
the 20 BP! (blows per inch) 1972 Ohio DOT driving specification was satis-
fied. If piles were not excessively driven (08V where driving was stopped
early due to local top damage or K25VE which was stopped intentionally
after only one blow on rock) then good static load test performance was
achieved. .

10. Pile tip protection prevented tip damage at the hard rock site. Piles then
failed structurally above ground in gross column buckling during driving. This
above-ground column fatlure did not adversely affect the compressive static
load test capacity. '

11. Best results for driving piles at the Sandusky site would not follow a
blow count criteria. Blows per inch is meaningless since real rock penetration
was not achieved. The blows per inch gave only an indication of how effective
the hammer was in damaging the pile structurally. Driving beyond 30 BPI for
the 520 and K13, and beyond 6 BPI for the 08 and K25; for one inch was an
invitation for structural pile damage.

12. The dynamic field instrumentation did an excellent job in Sandusky of
determining when the pile first had sufficient capacity or when the pile was

being damaged.

Different in Weathered Shale

13. For the rock condition of weathered shale gradually becoming more
firm with depth, it was found that the largest pile capacities were obtained
from the deepest pile penetrations. Similarly, the lowest capacities corre-
sponded to the shallowest penetrations,

95 5%



Ncr tammers betore the 20 BPI 1972 specification was satisfied. Th‘ﬁm

en by larger hammers also had higher capacities.

- »_ ¢ largest hammers (K25 and 08) damaged the pile tops at the Cleve-
land test site before the 1972 driving criteria of 20 BPI was achieved.

16. Although no pile tip sustained scvere structural damage which would
reduce load test capacity, the flange tips of several of the piles were spread
apart. This flange distortion was largest for the large hammers (or largest pile
penetrations). '

17. While capacities at the end of driving were adequate at W92 for a 9 ksi
design and safety factor of 2.0 except for piles driven by the D5 and 9B3,
static testing two weeks later revealed a signicant loss in static capacity. At
this time only the piles driven by the 08 and K25 still had sufficient capacity,

18. Dynamic testing on restrike at W92 of the 520V and 08V piles-after the
static tests also showed a loss of capacity since the time of initial driving.
Comparison of the CAPWAP analyses for these piles reveals that the loss of
capacity was due to resistance losses in the shale. A small set up resistance
was observed in the solid overburden.

[9. Due to the substantial strength loss with time in the shale at W92, piles
driven by the 520 and D15 also no longer met the design load with a safety
fuctor of 2.0. .

20. In every case at W92, the 1972 driving specification was not satisfied.
Either the piles had insufficient static capacity for the 9 ksi design load and a
safety factor of 2.0 (D5, 9B3, 520 and DI5) or the pile was damaged due to
excessive stresses before the 20 BPJ was reached (08, K25).

21. Pie tip protection had little, if any, effect on static pile load perform-
ance at the W92 site. It is interesting to note that the effect of the soft rock
was to prevent tip damage. It is hypothesized that since the resistance only
developed gradually as the pile penetrated, the rock provided lateral restraint
sufficient to prevent load buckling. '

Comparisons at Hard and Soft Rock Sites

22. These two sites probably represent limiting conditions for the range of
rock strengths of interest,

23. It is interesting to note that the pile stresses were substantially influ-
enced by the rock stiffness and soil overburden. Gross buckling of the pile in
the 6 to 8 ft of unrestrained column length above the ground occurred on all
tip reinforced piles at the hard rock Sandusky site. No pile failed by gross
buckling at the soft rock W972 site.

24.  Major pile tip damage is much more likely when the rock is hard and
the pile will not penetrate. Penetration into.the soft rock prevents this struc-
tural damage.

25. The soil strength of the overburden is also important in determining the
likelihood of damage. Large skin tesistance forces tend to reduce the down-
ward traveling compression wave with the result that the maximum force at
the pile tip is reduced. This smaller tip force is less likely to cause tip damage.
This was the situation at W92, Inspection of the maximum spring forces in
CAPWAP shows a reduction in maximum forces with depth due to the rela-
tively large skin friction. For the piles at Sandusky with little skin resistance,
the input compression wave travels unchanged to the pile tip. If tip resistance
is small, the wave reflects as tension and the net force is small at the tip. If
tip resistance is large, however, the compression wave reflects in compression.
The two waves superimposed are then likely to cause damage.
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during load testing. |
soft and the rock was unusually level. Therefore, th.

ar to be a serious one for pile dcsign.. . ‘ o
3P2F’7¢d One of the primary considerations in pile design musl; btc)e tlr:chrir;‘}zlgr;:;gﬁ

. ie structure loads are smatl, the

he load to be carried. If the gtruc ' ‘ :
Stfretsses should not be used. It may be substantially more cost effective to use

~ i iles i ses.

design stresses and more piles in some ca _ o

l02W8er Bascgd on the test results discussed here, we rccommcnd, thattﬁxlecgsrév?:ﬁ
of }-'I-piles to soft rock be controlled in the same manner as s the

other pile types.

\t dusk ite the soil abo . «\)ck was very
At the Sandusky site X_fcm was very

In general, load tests are unnecessary and driving can pfrol;qblyat;eisg?}::r:aesi
’ slected in the-same fashion
formula. Hammers should be se ¢ ' ;
?gr afriction piles. In unfavorable soils or other critical cases the‘ C;s;:’l\;[::t\ggg
can be used for capacity evaluation. The loss ofstr;ni;tll }(:f t{xdz, ihir;forc b;
n 1 c iles driven into shale shou
should be of serious concem. Pi - dri 1d therelore be
i 3t ; time and blow counts should

struck with the longest possible wait . nts | o2

;cxbrterd with great care at the end of driving and the bcgmmngt.of rzitr:;}rczl
ide a satisfactory construction
These blow counts should then provid 1tis g
i i ck ditions similar to Sandusky, p

echanism. For soil and rock cond :

xt?e driven with small hammers with little concern foﬂr dgmagc. If large ham
it is diffic i t the pile tip.
s are used, it is difficult to avoid damage a ] _
me:orrpﬂeﬁ driven to hard rock, particularly when the ovurbur«i_en sc;ﬂ;ea:ri;
‘ iteria i limited usefulness. A penetration criter
soft, a blow count criteria is of : i
may be more desirable and the use of large hamm}ers shoulléi .be Lsf—:fggsyirzzr;e
icul i i hort. In such cases, it 1s m

trolled, particularly if the piles are s - uc i
to sibmpl‘; drive until rock is reached as identified by blow count and ham

’ i be cau-
mer performance. If large hammers are used, the inspector should b

ioned not to overdrive, . ‘ 4
t For hard rock, the use of tip reinforcement in the form of pile points was

shown to be very effective. We recommend that they always be used on
hard rock jobs.

29. Due to limited data, we cannot define the line between hard and st(;]{i
robck. Until more data is available on a much broader range of rqck types,
definition must remain subjective.
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