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CHAPTER 1
| NTRODUCTI ON

1.1 BACKGROUND

The devel opnent |ength for prestressing strands has been
debated for some time now. Questions regarding the
validity of AASHTO s equation 9-32 have been raised, based
on tests conducted by Zia and Mostafa"® . This resul ted
in the Federal Hi ghway Adm nistration (FHWA) initially
requiring application of a 2.5 multiplier to AASHTO
equati on 9. 32, whi | e t he Fl ori da Depart ment of
Transportation (FDOT) has proposed a value of 1.5. After
further deliberations, a recomendation was made to the
FHWA that the nmultiplier should be 1.6. At a joint meeting
in Phil adel phia between the AASHTO Technical Commttee for
Prestressed Concrete (T10) and PClI Bridge Commttee on
Oct ober 11, 1988, the recomendation for a nultiplier
value of 1.6 was formally presented. It was recommended
that this multiplier value should be used for strands up
to and including 9/16 inch special. The FHWA accepted this
reconmmendati on.

FDOT al so questioned whether the use of a multiplier was
necessary in the design of piles resisting loads mainly in
bendi ng, however, the FHWA insisted on the wuse of a

mul tiplier.



The FDOT position was based on the foll ow ng:

1. The ship inpact forces used in design are sonmewhat
arbitrary and the probability of such an event is
| ow. Also, it nmust be recognized that the criteria
devel oped for ship inpact take into account the

fact that although the structure would suffer

some damage, catastrophic collapse is not |likely
to result.
2. Pile enmbedment into the pile cap presents a much

di fferent end condition than that encountered by a
superstructure supported on bearings. In the case
of the pile, shrinkage of the confined concrete in
the footing creates a clanping force that serves to
reduce the devel opment |ength. This condition was
confirmed by Stacher and Sozen('’). Further, a
prying action results when a noment is applied at
the interface of the pile and the pier cap, thereby
i ncreasing the contact - pressure at the junction
of the pile face and the cap. The resulting
i ncreased pressure on the pile further reduces the
devel opment | ength.
Based on the above, the FDOT has mai ntained that the
AASHTO. equation 9-32 mght, in fact, be too conservative for
piles which are properly enbedded in a pier cap and desi gned

to resist bending



and shear forces due to ship inpact.

The question arose from consideration of the Howard
Frankl and Bridge which was under construction across Upper
Tanpa Bay connecting Tanmpa and St. Petersburg.

The bridge has been designed using the current AASHTO
requi rements and was already under construction when the
devel opnent |l ength issue arose. A retroactive application of
the 2.5 nmultiplier would have resulted in an increase of
embedment from 5 to 13.5 on the 2000 kip capacity piers
and from 3.5 to 9.0" on the 1200 kip capacity piers. The
subsequent reduction of the nmultiplier from 2.5 to 1.6,
resulted in no changes to the design of 2000 kip piers, but
required an increase from 3.5 to 5.0" in the enbednent
requi rements for the 1200 kip piers.

In an effort to generate some test data on this issue,
the FDOT devel oped and carried out a series of tests at its
Structures Resear ch Laboratory at | nnovat i on Par k
Tal | ahassee. The results are discussed in the follow ng
report.

1.2 OBJECTI VES AND SCOPE OF STUDY

The objectives of this study are to identify the optimm
embedment |ength (devel opnent Iength) required to devel op
the ultimate flexural strength of a pile without any slip
to evaluate the development |length by the ACI and AASHTO

code equations, to



determ ne the node of failure and to conpare the
experimental results with the analytical predictions.
1.3 TRANSFER OF PRESTRESSI NG FORCE

1.3.1 End Regions

In pretensioned concrete, the total prestressing force
is transferred to the concrete entirely by the bondi ng of
the prestressing strand to the concrete surrounding it. In
post tensioned concrete, bond is provided by grouting and
the full conmpressive force is transferred to the concrete
by means of end anchorages and bearing pl ates.

When a pretensioned beam is subjected to shear,
addi tional bond stresses are devel oped. In order to prevent
failure, it is necessary to calculate the level of bond
stress due to l|oading and other effects and the maxinmum
bond resistance which can be devel oped between the stee
and concrete. The tendency for the strand to slip is
resisted by a conbination of adhesion, friction and the
Poi sson effect or lateral swelling of steel in the transfer
zone. These factors provide the mechanism for the transfer
of the prestressing force to the concrete upon release of
the strand. The length over which the initial prestressing
force is transferred to the concrete is ternmed the
"transfer bond I|ength". Another type of bond mechanism

termed " flexural bond" is nmobilized when the



menmber 1is subjected to bending as a result of externally
applied loads. As these |oads increase, the stress in the
strand also increases. The additional |ength over which the
resulting increase in strand force is transferred is known as
the "flexural bond length". The sum of the transfer |ength
and flexural bond |ength, when the flexural capacity of the
member i s developed, is termed the "devel opnment | ength".

When a prestressing tendon is stressed, the elongation
of the tendon is acconpanied by a reduction in the dianeter
due to Poisson's effect. Upon release of the tendon, its
di ameter tends to return to the original val ue. This
phenomenon is nost pronounced at the ends of the nenber where
little or no restraint exists, and is generally regarded as
the primary factor that influences bonding of pretensioned
wires to concrete. The force in the tendon is zero at the
extreme end, and attains a maximum value at sonme distance
from the end of the member. Therefore, over this transfer
|l ength, there is a gradual decrease in the diameter of the
t endon, which assunes a slight wedge shape over the transfer
length. This is referred to as the "Hoyer Effect"” after the
German engi neer E. Hoyer, who was one of the first
investigators to . propose this theory. Hoyer, and others
nore recently, have used elastic theory to calculate the

transfer length as a function of



the values of Poisson's ratio for steel and concrete, the
modul i of elasticity of steel and concrete, the diameter of
the tendon, the-coefficient of friction between the tendon
and the concrete, and the initial and effective stresses in
the tendon('). Laboratory studies of transfer |ength have
i ndi cated a reasonably close agreement between theoretica
and actual values. However, there can be wi de variation in
values of transfer length due to varying properties of
concrete and steel, and the surface conditions of the
tendons, which considerably affect the coefficient of
friction between the two materi al s.

There is reason to believe that the configuration of a
sevenwire strand (i.e., 6 smll wres tw sted about a
slightly larger <central wre) results in very good bond
characteristics. It is believed that the Hoyer Effect 1is
partially responsible for this. However, the relatively |arge
surface area of a strand and its tw sted configuration are
also believed to have a significant effect on mechanical
bond.

There has been considerable research on the magnitude of
transfer | engt h under bot h | abor atory and producti on
conditions. The following significant conclusions are drawn
fromthis research.

(1) The level of bond that can be obtained between
clean three or seven-wire strands and concrete, renders

such
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rei nforcement suitable for the mjority of pretensioned
concrete el enments.

(2) Menbers that are subject to high nmonments near
their ends, such as short cantilevers, require special
consi deration.

(3) Clean snmooth wires of small diameter are also
adequate for wuse in pretensioning;, however, the transfer
l ength for tendons of this type (expressed as a nultiple of
the diameter) can be expected to be approximately double
that for seven-wire strands. (4) Under normal conditions,
the transfer length for clean seven-wire strands can be
assumed to be equal to 50 tines the dianeter of the strand.

(5) The transfer length of tendons can be expected to
increase from 5 to 20% within one year after release as a
result of relaxation. Also, due to relaxation, a smal
| ength of tendon (about 3 inches) at the end of a nenber,
can be expected to become conpletely unstressed over tine.

(6) The transfer length of tendons rel eased suddenly by
flame cutting or with an abrasive wheel, can be expected to
be from 20 to 30% greater than tendons that are released
gradual ly.

(7) Har d non-f 1l aky surface rust, and surface
i ndent ati ons effectively reduce t he transfer | engt hs

requi red for strand and some forns of wire tendons.
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(8) Concrete conpressive strengths between 1500 and 5000
psi do not have a significant effect on transfer |ength except
for strands larger than 1/2 inch, in which case |arger transfer

|l engths are required for concrete having a strength |less than

3000 psi.
(9) Except in very wunusual conditions, it would seem
prudent not to release pretensioned tendons, until a concrete

conpressive strength of at |east 3000 psi is attained. Hi gher
concrete strengths nmay be required at release of strands |arger
than 1/2" dianeter.

(10) The degree of conpaction of the concrete at the ends
of pretensioned nenbers is extrenely inportant if good bond and,
consequently, short transfer lengths are to be obtai ned.

(11) There is little if any reason to believe that the use
of end blocks inproves the transfer bond of pretensioned
tendons, other than to facilitate the placing and conpacting of
the concrete at the ends. Hence, the use of end blocks is
consi dered unnecessary in pre-tensioned beans, if sufficient
care is given to placing and conpacti on of concrete.

(12) The presence of lubricants and dirt on the surface of
tendons has a detrinental effect on the bond characteristics of
t endons.

The length of a pretensioned nenber should be such as to



prevent the overlapping of the flexural bond region and the
transfer bond zone. The ACI Code limts the design ultimte
stress in pretensioned strands to a level at which sone
bond slippage m ght be expected. |f inadequate devel opnent
l ength is provided, ultimate strength will be governed by
bond rather than by flexure.

Bond slippage of strands occurs in three stages, nanely
(a) progressive bond slip begins in the wvicinity of
flexural cracks, (b) general bond slip is initiated along
the entire devel opment | engt h, and finally (c) t he
mechani cal interlock between the strand surface and the
concrete is destroyed. Kaar and Magura (') pointed out that
mechanical interlock is adequate to maintain considerable
strand stress even after extensive bond slip has occurred.
In many cases the stress in the strand reduces after
general bond slip occurs, but the stress is not reduced to
zero as one mght expect. Thus, the final effect of
i nadequat e devel opment |length may be a premature flexura
failure at a reduced strand stress, - corresponding to a
final bending nonent Iless than the conputed ultimte
strength in flexure.

1.3.2 Internmedi ate Regi ons

In order to determ ne the bond stress existing between
concrete and the tendons, two stages have to be consi dered:
before and after cracking of concrete. Prior to cracking of

concr et e,

13



bond stress can be calculated using conventional elastic
analysis. It appears that a cracked nenmber, which is
uncracked at service load, wll experience no problens
related to the flexural bond stress. Thus, the current ACI
code, does not require a check on flexural bond.

After cracking, the calculation of bond stress in a
menber beconmes nore conplicated. The magnitude of the bond
stress changes suddenly at the crack |ocations due to the
abrupt transfer of stress from concrete to steel at these
| ocations. The results of analyses based on reasonable
assunptions, do show that there is a significantly higher
bond stress in the regions adjacent to cracks. However,
results obtained from | aboratory testing of beans, or from
testing of actual structures, indicate that there is no
problem with this high flexural bond stress. The occurrence
of local bond failure is not significant in the overall
safety or serviceability of a beam Special attention
should however be given to menbers_ that are subject to
fatigue | oading, since any cracking at service |oad renders
t he bond problem nore serious. )

The ACI code deals with bond in both reinforced and
prestressed concrete beanms in ternms of developnment of
reinforcement . rather than bond stress. Most prestressed
concrete beanms are designed to be uncracked at the service

| oad. The above di scussi on

10



shows that flexural bond stress is very |low at this stage,
and the member need not be checked for serviceability.
Design will therefore be generally based on devel opnent
| ength as di scussed bel ow.

The bond between steel and concrete at the ends of

menbers is considerably different fromthat at intermediate
| ength of a beam where the bond stress is produced by
external shear or by the existence of cracks. Where there
are no cracks and no external shear force, the bond stress
is zero.
The nature of transfer bond at the end of a nenber is
entirely different from that of flexural bond produced by
shear or cracking. At intermediate points along a beam the
bond stress is resisted by adhesion between steel and
concrete, aided by nmechanical resi stance provided by
corrugations in the steel when deformed bars are used. At
end anchorages, the prestressed tendons al most always slip
and sink into the <concrete at transfer. This slippage
destroys nost of the adhesion over the |length of transfer
and part of the mechani cal resi stance due to the
corrugations. This results in the bond stress being
resisted mainly by friction between steel and concrete.

In Figure 1, at end A, the tendon will have zero
stress, immediately after transfer, and its dianeter will

be restored to

15



the original unstressed dianeter. At the inner end, B, of the

transfer | engt h, the tendon wll devel op al nost ful
prestress, and, owing to Poisson's ratio effect, its dianeter
will be smaller than that in the unstressed state. Thus, along

the length of transfer, between points A and B, there is an
expansion of the tendon dianmeter, which results in radial
pressure bei ng devel oped between the steel and the surroundi ng
concrete. The frictional force resulting from such pressure
serves to transmt the bond stress between steel and concrete.
In other words, a sort of wedging action takes place wthin

the I ength of transfer.

Fbyer(s) has shown that the length of transfer varies directly
with the diameter of tendon and inversely with the coefficient

of friction.
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CHAPTER 2
LI TERATURE REVI EW

2.1 Bond Paraneters

Since the initial bond studies by Hoyer(?), more than thirty
such investigations have been reported in the literature'®
Most of the earlier studies dealt with transfer |ength of
small wires of different sizes either plain, twi sted, crinped,
i ndented, or deformed. Bond studies in the United States and

Great Britain have dealt mainly with nulti-wire strands. These
include studies by Base4 in England, and by the Portland

Cement Associ ationl4 and Anderson and Anderson? in the United

St at es.

From these testsl8 it has been concluded that the npst
signi ficant parameters affecting transfer l ength of

prestressing steel are:

* type of steel (e.g., wire, strand).

* steel size (dianeter).

* steel stress |evel.

* surface condition of steel - clean, oiled, rusted.
* concrete strength.

* type of loading (e.g., static, repeated, inpact).
* type of release (e.g., gradual, sudden (flame

18



cutting, saw ng)).

* confining reinforcement around steel (e.g.,
helix or stirrups).

* ti me-dependent effects.

consol idati on and consi stency of concrete

around steel, and.

* amount of concrete cover around steel.

It is generally agreed that transfer length is |onger
for larger steel sizes, higher prestress |levels, and | ower
concrete strengths. Al so, strands develop sonme nmechanica
bond with concrete in addition to friction; +thus the
transfer |lengths of strands are shorter than those of
smooth wi res of conparabl e dianmeter.

If repeated loading is applied outside the transfer
zone, no significant effect on the transfer length is
observed. However, if applied within the transfer zone,
repeated | oading can cause. early bond failure if a crack
devel ops within or just outside the transfer |length. The use
of some reinforcement to'resist the bursting stress near the
end of the prestressing steel reduces the transfer |ength

but the effect is not significant.

In most test specinmensl® there was observed to be a

significant increase in |load carrying capacity between the

poi nt

15



at which first bond slip occurred and final bond failure.
The difference in load carrying capacity was assumed to be
due to mechanical interlock of the strand.

Based on t he results of tests on thirty-six
pretensi oned hollowcore units, Anderson and Anderson’
concluded that the existing ACI Code requirement for
devel opment | ength was adequate provided, that the free-end
slip of the strand, upon transfer of prestress, does not
exceed an enpirical value of approximately 0.2 times the
strand di ameter.

2.2 Evaluation of ACI Provisions

Current AClI Specifications deal with development of
prestressing strands only, reflecting current practice in
North Ameri ca.

Early investigations on the nature of bond were
conducted in the 1950's 7,10,11. These tests concluded that
the strand diameter, the nmethod of releasing the strand,
and the physical condition of the strand are all parameters

that influence the devel opment | ength. Tests by Hanson- Kaar

tests/ were performed on specimens prestressed with clean
1/4, 3/8, and 1/2 inch diameter strands, and having a w de
range of steel percentages. The strands were released
slowmy, instead of being cut by flame or saw. In nmost of

the specimens there were significant increases in the | oad

20



carrying capacity between the point at which first bond slip
was detected by strain gauges and final bond failure. The
difference in load carrying capacity was believed to be due to
mechanical interlock of the strand. The ACI Code equation

approxi mtes the average value of all the points representing
first bond slip and final bond failurel 5,

Results of tests perfornmed by Kaar, LaFraugh, and Mass12
greatly added to the knowl edge concerning transfer |length. Tests
were performed on nenbers with varying strand dianeters and
concrete strengths. The results indicated that, although higher
strength concrete could develop 75 to 80 percent of the transfer
bond in a shorter distance than |lower strength concrete, the
total distance required to develop 100 percent of the transfer
bond was approximately the same irrespective of concrete
st rengt h.

In recent years, several researchers have proposed new

equations for transfer and developnent |engths. Mrtin and
Scott,15 in a statistical evaluation of the early test performned

by Hanson and Kaar8, proposed the followi ng expressions:"

For |y less than or equal to 80 dp:

fos < ly/(80dy (135/ay 176 + 31)) (4)

21



where |y is the distance fromthe end of the nmenmber to the

secti on under consideration, in inches.

and for |y greater than 80 dp:

1/6
fps < (135/db + 0.39 lx/db) (5)

It was specified that in no case should f  be greater
than that given by Eg. (18-3) of ACI Code 318-83 or that
obt ai ned from a determ nati on based on strain
conpatibility.

The above expressions provide a n approach to designing

precast, pretensioned units for spans too short to provide
an embednent length that will develop the full strength of

t he strand.

Martin and Scott3 proposed a transfer length of 80
di ameters for strands of all sizes, and a flexural bond
| ength of 160, 187, and 200 diameters for the 1/4, 3/8, and
1/2 inch diameter strands respectively. These values are
consi derably higher than those specified by the current ACI
Code.

On the other hand, based on the results of a test

program of thirty six pretensioned hollowcore wunits,
Ander son and Anderson2 concluded that the current ACI Code
requi rement on the devel opment |ength is adequate.

Zia and Mostafal8, in a conprehensive study of all past
research, proposed the follow ng expressions for transfer

| engt h:



1y = 1.5-1‘.'51-_Ci}‘,:‘/f‘r ci ~ 4.6 (6)

lp = l.25(fps - f40)dy _ (7)
1 = 1 + 1y (8)
wher e
fgj = stress in prestressing steel at transfer, Kksi
feci = conpressive strength of concrete at time of initial

prestress, Kksi

= transfer length of prestressing strand, in.

—+
|

fl exural bond |l ength of prestressing strand, in.

o
I

Eq. (7) is based on the theoretically derived expression:

lp = (fpg = fge) /4Uqye
where ugye 1S average bond stress within |p. Note that in the

current AClI Code, it is inplied that ugye = 250 psi . Eq. (7)
_ assunmes a val ue of ugye = 200 psi.

The Zi a-Mostafa equation for transfer length is applicable
for concrete strength ranging from 2000 to 8000 psi (14 to
55 MPa). It accounts for effects of strand size, the
initial prestress and the concrete strength at transfer.
The equation for transfer length gives conparable results

to those specified in the ACI Code,



particularly for cases where the concrete strength at
transfer is |ow.
2.3 I ndustry Survey

As a part of the broader investigation of which this
study forms a part, American and Canadian prestressed
concrete producers were surveyed about their concerns wth
AClI Code requirements governing the design and manufacture
or precast prestressed elenments. One of the questions
included in the survey was: "Do the provisions governing
t he devel opment of prestressing strand (Section 12.9) pose
any hardshi p"? The answers were 10 yes and 29 no's. Of the
10 yes answers, 8 related to doubling the devel opnent
| engt h of sheat hed strands;

1. Section 12.9.3 is too severe (two respondents).

2. Section 12.9.3 does not make any sense. \Why shoul d
| , be doubl ed? Does it make any difference if the strand is
debonded in 6 in. (150 mm Ilength or say 10 ft. (3m I|ength?
Per this section debonding will cause problenms in nost
prestressed nmembers of nmpderate 20 to 30 ft. (6 to 9 m
| engt h.

3. Doubl i ng the devel opment | ength for wrapped
strands.

4. Seens excessive; otherwi se not a problem for our
menbers.

5. For sheathed strand the extended bond devel opnent

is too great based on our observations. Otherwi se, | do not

rnn<i der t he 20



strand devel opment provisions a "hardship".

6. Masking is a real problemif conplying with Section
12.9.3
Ct her conmments claimng hardship were:

1. On very short span nmenbers the devel opnment |ength
creates a theoretical problemin flexural strength.

2. Difficulties are experienced on heavily | oaded short
spans.

3. Devel opnment | ength i's | ong and poses sone
difficulties when holes are cut in hollowcore floor slabs.
Research to prove that the ultimate tensile strength of
strand can be developed in a shorter |length would be wel cone.
Not a problem insofar as double tees are concerned.

4. Section 12.9.1 of AC 318-83 needs 170 d,
devel opnent | ength.

5. The term (f_ - f_)d, in the Code equation for
devel opnent |l ength is excessive. However, this requirenment is
generally a problem in short sinple span nenbers in which
case the strand diameter nmust be reduced. Experience wth
railroad ties seenms to indicate the conservative nature of
this requirement.

6. Qur experience shows that the prevention of

splitting during detensioning merits the use of short length

((95)) (5 ft)
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(1.5 m shear reinforcing in the ends in the devel opment
| ength region regardl ess of Code provisions.

7. Generally, double tees have | ong spans and
devel opnent is not a problem
2.4 CURRENT ACI CODE PROVI SI ONS

The current AClI provisions for developnment |ength of
prestressing strand are contained in Section 12.9 of ACI
318-83. The provisions are as foll ows:

Section 12.9.1 - Three or seven-wire pretensioning
strand shall be bonded beyond the critical section for a
devel opnent | ength, in inches, not |ess than:

1y = (f

ps = 2/3 f50 )

wher e
f .= stress in prestressed reinforcement at nom nal strength,
Ksi
f., = effective stress in prestressed reinforcenent (after
al l owance for all |osses), Kksi

d, = nom nal strand diameter, in.
The expression in parentheses is used as a constant wi thout
units. Section 12.9.2 - Investigation my be |limted to
cross sections nearest each end of the nenmber that are
required to develop full design strength under specified

factored | oads.
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Section 12.9.3 - Where bonding of a strand does not
extend to the end of menber, and design includes tension at
service load in preconpressed tensile zone as permtted by
Section 18.4.2, development Ilength specified in Section
12.9.1 shall be doubled. The equation for the devel opment

| ength can be rewritten as foll ows:

ld = (fse/3)db + (fps - fse}db
Where |, and d, are in inches, and f _and f_ are in kips
per square inch.
The first term represents the transfer length of the
strand, i.e., the distance over which the strand nust be
bonded to the concrete to develop the effective prestress,

f in the strand. The second term represents the additional

se!?

| ength over which the strand nust be bonded so that a

stress, f may develop in the strand at nom nal strength of

ps’?

the menber. The variation of strand stress along the
devel opment | ength of the strand is shown in Figure 2.

The effective steel stress, f obvi ously depends on

se!

the initial prestress, f_, and the amount of prestress | oss.
Zia and Mostafa have pointed out that the denom nator "3"
in the expression for transfer |l ength represents a

conservative average concrete strength in ksi.

27



Simlarly, in the expression for flexural bond |ength
in the above equation, a denomnator of 1 ksi (6.9 MPa) is
i mplied, which represents an average bond stress of 250 psi
(1.7 MPa) within the devel opment | ength.

According to the ACH Code requirenent, the transfer
l ength and the flexural bond |ength would be respectively 47
and 110 nom nal strand dianeters for 250 ksi grade strand
assumng f_ = 0.7fpu and f ,.=0.8f pu (where f o S t he
specified tensile strength of prestressing strand, ksi).

Simlarly, for 270 ksi grade strand, the transfer |ength

would be 51 strand dianeters, and the flexural bond |ength
woul d be 119 strand dianmeters. Note that the value of 50

strand dianeters is nmentioned as the assumed transfer |ength

in Section 11.4.3 of AClI 318-83.
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At nominal strength of member

fps-

Prestress only ]

Steel stress

> (iS_Q)db+4-—~————(fps~fse )db--—--)-

- _y .

Distance from free end of strand

Fig. 2 - Variation of steel stress with distance
from free end of strand
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CHAPTER 3
EXPERI MENTAL | NVESTI GATI ON
3.1 GENERAL
The test program was conducted to investigate the effect of
enbednent length of a pile in a pile cap on the ultinmte nonent
strength of the pile. The main objective of this study was to
identify the optinmum enbednent |ength (developnent | ength)
required to develop the ultimate nonent strength of a pile
wi thout any slip, and to conpare this with the value of the

devel opnent | ength, | specified in the ACl and AASHTO Codes.

g
In order to mnimze the nunber of specinens to be tested
in the current research program it was decided that paraneters
t hat had not been found to affect devel opnent | engt h
significantly would not be vari ed.
3.2 Test Program
Ni neteen (19) 14" square prestressed concrete piles were
tested in this study. Seventeen (17) of the test specinens were
prestressed with 8-1/2" dianeter prestressing strands.' All
piles contained by 5 gage spiral rei nforcenent dianeter
prestressing, and the remaining two (2) were prestressed wth
12-7/ 16" dianmeter prestressing strands. A summary of the test

program is presented in Table 1. Figure 3 shows a typical pile

cross section and
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rei nforcement details.

The test specinmens were obtained by cutting sections
from eighty (80) feet l|ength prestressed concrete piles
which were |left over from a previous bridge construction
project. Thus, the spiral reinforcement varied along the
| ength of the test specimen as shown in Figure 4. The end
sections were provided with more spiral reinforcement than
the m ddle sections. Each test specinmen was approxi mately
12 feet in length. Sections cut fromthe ends and fromthe
m ddl e of each pile were tested to study the effect of the
shear confinenment on the devel opnment | ength.

Cores of 6" diameter were taken from all t est
speci mens and tested to determ ne the compressive strength
of the concrete. The results of these tests are shown in
Table 1.

3.3 Test Setup

Load testing of the piles required a test frame that
woul d simul ate the behavior of a pile cap. The frame should
restrain the pile against translation and rotation at the
junction of the pile and the frame. A reaction frame was
built from several HP 14 X 73 steel sections. Figure 5
shows the details of the test frame which was anchored to
the 3 foot thick reinforced concrete floor.
A hydraulic jack, supported on the floor, was used to apply

t he
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|l oad to the pile at a distance of 6 feet from the face of
the supporting frame. The frame provided restraint agai nst
translation and rotation in the vertical direction which
was felt to be nore severe than the actual conditions. In
actual conditions the pile is fully restrained by the
clanping force resulting from shrinkage of the confined
concrete in the pier cap which result in reduction of the
devel opment |ength. Figure 6 shows a view of the test
specimen in the testing frane.
3.4 Instrumentation and Data Acquisition System

Vertical deflection at the free end of the pile,
strains in the concrete and slip of the prestressing
strands at the restrained end of the pile. These
observations were nmade using dial gages, el ectrical
resi stance strain gages(ERSG s) and LVDT s(Linear Voltage
Di fferential Transducers).

The electrical resistant strain gages and LVDT s
used in the tests were connected to a data acquisition

recorded manual ly.

The strain gages were mounted near the upper side of the pile
to measure the conpressive strain in the concrete. The LVDT' s
were nounted near to the |lower face so as to neasure tensile
strain in concrete. Strain gages and LVDTs were respectively

mounted 2 3/ 4"
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along the pile length in order to measure the strains at
the | evel of the prestressing tendons. Figures 7 through 10
show the | ocations of instrunmentation on a test speci nmen:
Di al gages were used to measure pile deflection at 2 and 4
feet respectively from the face of +the frame. Three
hori zonal di al gauges or LVDT'S were mounted at the
embedded end of the pile to measure any slip in the | ower
prestressing tendons (see figure 10) . A load cell placed
bet ween the hydraulic jack and the pile was used to measure
the force applied to the pile.

3.5 Test Procedure

The pile was placed in the test bed, and | oaded
increnentally at the free end wuntil failure occurred.
Failure was defined as slip of the prestressing strands or
flexural failure due to yielding of the steel and/or
crushing of the concrete at the face of the support.
Defl ection and strain measurements were taken at specified
| oad increnents during the test. -

In order to load a pile in the test frame, the top part of
the frame was first renmoved, and the pile was placed in the
frame to satisfy the specified |l ength of enbedment. The top
of the frame was replaced and secured to the floor. The
pile was thus sandwi ched between the frame top and the
concrete support, and was effectively fixed against
translation and rotation at the fixed
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FI GURE 6 (A)
PI LE TEST SET UP




FI GURE 6 (B)
PI LE TEST SETUP



uoyJDJusWINISUl JO UO0IIDI0T L 84nb|

! Y130 9NIOYdS

/-9 .MQ\: ?:N
G-I/ LaAT .,._qum\

youay

SLAAT

8009

dois
bur1nspapy

(pexi ) 4o0ddns QAT

N
AR

LQAT 8 80D9 U/DIIS D

(UMOYS JON SWDI o {S.1)
NINIOAdS LSTL

=OI__N _. ..O.I._N

LSSl

g/10ddns
\. 8/8./0U0)

LS L LS

usui10eds
4561 : ebD9 DI

§90D9 UIDI S~ _

S1aAT—" L= T e e pamacs S P Ry e g

= | == ] | | = } 0O ooogoOoo

_ .

Bufopds B (GAT R o069 ublyS ) 8°0dS G =, xmn m
e/,

w7l

Vb

$ebD9 DI
a0pda)|s puz

€ 8°0dS ¥



FI GURE 8
LOCATI ONS OF STRAI N GAGES (TOP) ALONG PI LE




FI GURE 9
LOCATI ON OF LVDT's ALONG THE PI LE
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FI GURE 10
TO MEASURE END SLI PPAGE




end. The pile was instrumented with strain gages prior to
its being placed in the test frane.

A steel plate was epoxied to the end of the pile in the
frame in order to provide a nmounting surface for the three
hori zontal dial gauges that were to measure slip of
strand.

The load was applied to the pile after setting and
recording of the initial readings of all gages. Loading was
applied by neans of the hydraulic jack in increments of 3
Kips up to 18 kips. Readings of all instruments were taken
and recorded at the end of each |oad stage. The | oad was
then applied in increments of 1 kip up to failure. Cracks
were highlighted with a marker in order to follow their

devel opment. A total of nineteen piles were tested.
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CHAPTER 4
ANALYTI CAL STUDY

4.1 GENERAL

A nonlinear material analytical nodel was used on the
computer to analyze the prestressed concrete piles. The
programis a modified version of the program PCFRAME, which
i's based on the finite el ement analysis approach.
4.2 Description of The Anal ytical Model

The program uses a numerical procedure to sinulate the
material, and conducts a geonetric nonlinear analysis of
pl ane prestressed concrete franes, including tinme-dependent
effects due to load history, tenperature history, creep,
shrinkage and aging of concrete and relaxation of
prestress. The response of a structure can be cal cul ated by
t he program through the elastic and inelastic ranges up to
the ultimate | oad. At each | oad | evel, nonl i near
equi li brium equations, which are valid for the current
geometry and material properties, are derived using the
di spl acement fornulation of the finite element method. The
equations are then solved by means of an iterative
procedur e.

As shown in Figure 11, a parabolic approxi mation was
used for the stress-strain relationship for concrete.
Biliner and multilinear approximations of stress-strain

curves were used for
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non- prestressed steel and prestressed steel, respectively.

The program acconmodates the different mat eri al
properties within an element of the structure by using a
conmposite concrete and non-prestressed steel |ayer system
Concrete and nonprestressed steel are assumed to be
perfectly bonded. Each prestressing steel tendon is
i deal i zed as a discrete number of elements with a constant
force over the length of an element. The eccentricity of
the tendon in an element is assumed constant and is taken
as the average of the eccentricities at the two ends of
the el ement, nanely

e = (e + e)l2
as shown in Figure 12.

Pretensioned as well as bonded and unbonded post-
tensi oned concrete frames can be analyzed by the program
Perfect bond between the concrete and the prestressing
steel is assumed for bonded beans.

The nodels are analyzed for the effects of applied
| oad, by considering the <concrete and non-prestressed
st eel separately from the prestressing steel, and
superimposing the results to determ ne the conbi ned effect
of the total |oad. Figures 13 and 14 show the conmputer
nodel s of the piles for 8-1/2" strand diameter and 127/16"

strand di ameter respectively.
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4.3 Boundary Conditions
The boundary conditions (interface between the nodel and
external support) were, adjusted to satisfy actual boundary
conditions. The nodel was supported vertically and horizontally
at points within this enbedded section of the pile.
4.4 Material Properties
The val ues of Young's Mdul us used in the nodel were as
fol | ows:
Steel : 28 x 10° psi
Concrete : 4.4 x 10° psi (at f'_ = 6000psi)
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CHAPTER 5
PRESENTATI ON AND DI SCUSSI ON OF RESULTS

5.1 GENERAL

The main experinmental and theoretical results are
presented and discussed in this section. Only typical
di agrams are presented to discuss the behavior. The test
results for all specimens are given in the appendi Xx.
5.2 ultimte Monments

Cal cul ation of the ultimte moment at failure provided
information on ultimte |oad and the net steel stress in
prestressing steel. The ACI strain conpatibility analysis
was used to determne the effective strand stress, the
average bond stress and the ultimate mment capacity. The
results are summarized in Table 2. The value of the
ultimate prestressing steel stress, fps, was found to vary
bet ween 242 ksi to 250 ksi. The neasured external monment,
producing failure was conpared to the calculated ultimte
load in Table 2.

Typical applied moment-deflection curves for the
piles are presented in Figures 15 through 18 for embednment
| ength of 36", 42", 48" and 60" respectively.

These curves show a three stage relation. The first
stage represents the precracking (essentially elastic)

stage. The second
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stage is the post-cracking stage where deflection of the
beam increases nore rapidly as cracks develop. The third
stage shows the behavior just prior to failure.

Typical strains along the enbedded |length of the pile
at different |oad stages are shown in Figures 19 through
22.

Figure 23 is a typical applied nonent-strain curve
showi ng the experinmental and the analytical strains at the
face of the support.

Generally, good agreenent is obtained between the
experimental analytical results. The test ultimate load in
each pile was somewhat higher than the analytical solution.
This is particularly evident from the nonent-deflection
plots (Figures 15 through 18).

Figures 24 to 26 show the moment-strain relationships
along the pile at different |ocations. These figures show
that the ultimate | oad can be predicted fairly closely by
PCFRANME.

Figures 27 and 28 show the variation in stress along
the length of the prestressing tendon at various |evels of
applied |l oad. The expected stress concentration at the face
of support is obvious.

The extent and patterns of cracking in concrete, as
predi cted by the nonlinear analysis and as observed in the
pile test at failure, are shown in Figures 29 through 31.
The agreenent between the observed and predicted crack
patterns is excellent. The in
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PILING TEST 5
STRAIN GAGES 1 — 6
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FIGURE 19 — Top Strain VS. Distance along pile embedment
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TOP STRAIN(X10—6 in./in.)
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BOTTOM STRAIN (X10-6 in./in.)
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BOTTOM STRAIN(X10—6 in./in.)
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FI GURE 31
OBSERVED CRACKI NG FAI LURE



crease in stress in the prestressing tendon and the crack depth
predi cted by conputer analysis (PCFRAME) can be seen in these
5.3 Effect of Concrete Strength

The results in Tabl e 2 illTustrate t he observed
relationship of initial bond strength (force required to cause
first slip of the strand) to concrete strength. It can be seen
t hat concrete strength has only a mnor effect on initial bond
strength. This is in general agreement with the findings of
Sal mons and McCrate'’.

5.4 Effect of Strand Di aneter

The effect of strand diameter on bond capacity of strands
subject to flexure can be studied by considering the results of
tests of specinmens in groups 2 and 3. A point of reference
maybe established by considering the average values of initial
strength devel oped by all specimens in these groups. Figure 32
illustrates the relationship of initial bond stress to
embedment length for a 1/2 inch nom nal diameter strands.

The relationship shown in this figure supports the
generally accepted assunption that initial bond stress is
proportional to embednment | ength.

5.5 Effect of Shear Confinenent

The spiral shear reinforcement varied along the |Iength of

the pile as shown in Figure 3. The test specinmens from the

pile end
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section were provided with more shear reinforcenent than
those from the interior section (see Figure 4). Figure 33
shows that the shear confinement at the end section
generally increased the nmonent capacity of the piles.(see
Tabl e 1)
5.6 PILE EMBEDMENT LENGTH

The effect of variation of pile enmbednent |ength on
t he nonment at general bond slip and on the ultimte moment
of resistance of a given section, is illustrated in figure
34, in which M, is the nmeasured monent at ultimate
strength, M,, is the measured nmonment at the general bond
failure, M,.is the calculated ultimte flexural monment.

Pil es having an enmbednment | ength of 48" or nore failed
in flexure by crushing of the concrete after yielding of the
steel. As the enbednment |ength decreased, failure occurred
at progressively |l ower monments due to slippage of the
strands. Only one specinmen having an enbednment |ength of 48
i nches or higher-showed any strand slip at ultimte nonent,
whi ch seens to justify and enmbedment | ength of approxi mately
50 inches for 1/2" and 7/16" dianmeter strands.

Failure by slippage of the strands was observed to
occur in two stages, nanmely initial general slip of the
strand along its whole enmbednent | engt h, and then

destructi on of the nechani cal
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interlocking effect between the strand surface and the
surrounding concrete. In the case of piles with short
embedment |engths (36"), a small increase of |oad was seen
bet ween these stages. Figure 35 shows plots of end slippage
of the bottom strands vs applied noment.
5.7 Modes of Failure

Twel ve of the piles failed in flexure without prior
slippage of the strand along its entire enbedment | ength.
The remaining piles failed in flexure after a general bond
slip of the strands. The noment sustained at general bond
slip and the wultimate moment sustained were both of
I nt erest in this st udy. A conparison bet ween the
experimental and the analytical ultimate flexural strength
is presented in Table 2.

The differences in the nmodes of failure occurred |ong
after the cracking nmonent of a specinmen was reached.
Fl exural cracking was observed before a bond failure, which
occurred after considerable end slip of strands was
recorded. A sketch of the crack pattern of a static test
that resulted in a bond failure is shown in Figure 36. A
flexural failure was characterized by considerable flexural
cracking, yielding of steel, and finally crushing of the
concrete in the conpression zone at the point of maxinmm

moment. No appreciable strand end slip was measured during
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a flexural failure. Figure 37 shows a sketch of the crack pattern
in a flexural failure. Sketches of the typical crack pattern for

the remaining piles are presented in Appendi x B.
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CHAPTER 6
CONCLUSI ONS AND RECOMVENDATI ONS

The primary objective of this investigation was to
determine the required enbedment I|ength of strands in
piles, so that the wultimate flexural moment can be
devel oped without strand end slippage. |In this study,
equations for developnent length in the AASHTO and ACI
Codes were exam ned. Also exam ned, were the effects of
concrete strength, the general bond slip and the maxinmm
average bond stress at failure.

It was found that the embedment |ength for 1/2" strand
has a marked influence on the value of the average bond
stress at which general bond slip occurs; this is clearly
denmonstrated in Figure 32.

The tests were designed to simulate the clanmping action
to which a pile enmbedded in a massive footing would be
subjected. t is shown that an enbednent |ength of 50
inches 100 d, for 1/2"(dianmeter shown), is adequate to
develop the flexural strength of such a pile wthout
sli ppage of the strands. Therefore, there appears to be no
justification for the application of a multiplier to the
embednment |ength transfer in the current ACI and AASHTO
Codes. Of course, this conclusion appears only to piles
that are subjected to clanping action at their ends and

not necessarily to
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beans.

It must be borne in mnd that requirenents for a pile are
substantially different from those of a beamin a structure. The
pile is required to resist ship inpact forces while inpact would
be applied only a fewtines in the |ife of the pile. On the other
hand, the beam is subjected to many repetitive |oad cycles and

must therefore be designed to prevent a short fatigue life.
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APPENDI X A
APPLI ED MOMVENT VS. DEFLECTI ON CURVES
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