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I. CONCLUSIONS

Though the inveétigations of this report did not produce the hoped for
results, much insight has been gained for future research into the areés of
epoxy grouts, heét setting teghniques , and vibration methods of reducing
friction forces.

The attempt to reduce fricfion losses using a hydraulic vibration system
was unsuccessful because thevhydraulic system constructed for this study
was not able to produce the sharp hydraulic pulses necessary to apply the
desired loading action on the tendon. This is still a viable technique,
however, with the proper hydraulic apparatus. This apparatus would not
necessarily involve a large or complex hydraulic system and is worthy of
continued investigation.

The impact technique did produce increases in tension at the anchor
end where the impacf was applied butdid not have the 6verall désired
effects on the tendon stress distribution. A large enough impact force allowed
the fendon to slip in the direction of the applied tehsion with an ovefall
lowering of the tension along the tendon. The resulting elastic oscillation
stressed and relaxed the tendon over several cycles leaving a harmonically
varying stress dis_tribution alohg the tendon of decreasing amplitude toward

the anchor end.
Heat setting epoxies still may offer some advantage in reduction of

friction coefficient, but there are other critical areas which need to be



investigated; creep, volume change, final pumpable consistency with filler
added, and handling problems.

| Iieat setting methods show some promise although the method is
evidgntly vulnerable t§ unfavorable environmental conditions. The |

insulating effect of the epoxy grout would need to be established.



IT. RECOMMENDATIONS

Thermoplastic resins were dropped fréﬁllinvestigaéibn because the
data researched showed no thermoplasti¢ resin with all of its properties
compatible for the application under investigation. Howéver,' since
thermoblastic materials are so numerous and involve a great amourﬁ of
techno;ogy, further investigation is recommended. |

For possible future tests usiné a hydraulic apparatus to increase
stressing efficiency, the apparatus of Figure 1 is recommended as a
possible mechanism to generate the required hydraulic puises. It simply
involves an external impact force on a small diameter hydraulic piston
connected to the stressing ram as shown. If necessary, controllability of
the impact force could be developed, but for initial feasibility studies, a
mass dropped from various heights could be a sufficient method.

Another method of reducing friction which was discussed, ‘but which
was outside the scope of this project, was the reduction of wobble curvature

through the use of channel to support the plastic encased tendon. The

plastic encased tendon was tested in rigid conduit but the friction loss was
found to be worse because the plastic case deformed and sheared open. If,
however, a fairly rigid plastic channel were used to support the tendon,
wobble would be greatly reduced and the plastic case would not deform so
easily within the tight cement enclosure. The final stressing efficiency

could be raised significantly if the lower friction coefficientsl offered by
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the plastic encased tendon were coupled with large reductions in wobble
curvature iﬁduced by normal forces, as could be obtained if the tendons‘
were supported. This method would not only be practical, but easily
applicable and economical as compared to the steel conduit. Figure 2 shows

the tendon-channel concept.
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III. INTRODUCTION

| A, Problems Imposed by Friction Losses

An important problem in the design of prestressed pavements
concerns the curvature induced friction losses along post-tensicned tendo'ns
together with the resulting limitations imposed on structual integrity and
length of maintenance~free operation in long slab designs. Friction losses
from 15 pounds/foot (219 Newton/meter) for bare tendon in rigid steel tubing
to 40 pounds/foot (584 Newton/meter) for plastic encased tendons have been
reported. 1 These losses become critical in élabs of 400-foot (122 meter)
lengths or more.

B. Approaches to Problem

Two concepts for reducing friction losses along tendons in steel
conduits were investigated in this study. One approach involved the reduction
of friction coeificient in steel conduit through the use of lubricating resins
which would also serve as grouts after the final stressing operation was
completed. The other approach was aimed at réduction of normal forces by

inducing longitudinal vibrations into stressed tendons.

1 vprestressed Concrete Pavement at Dulles International Airport:
Research Report to 100 Days" - B.F, Friberg and T.J. Pasko,

August, 1973, Interim Report, Report No. FHWA-RD~72-29,

Federal nghway Administration Offices of Research and Development,
Washington, D.C.



IV, TESTING APPARATUSES

A, Concrete Test Blocks
There were two phases of friction reduction studies utilizing co.ncrete
test blocks. The first phase involved the testiﬁg of a hydraulic vibration
apparatus with standard tendon-conduit configurations. In the second phase,
various resin grouts and impact vibration methods were tested for their
friction reduction potential on fehdons in rigid and flexible steel conduits.

1. First Friction Studies. For the first friction studies

involving the hydraulic vibrator, the test block was designed to allow testing
of the standard configurations of a bare tendon in rigid conduit as well as a
plastic encased pregreased tendon. The condliit and plastic encased tendon
were arranged to have a 90° arc with a three-foot (0.91 meter) radius so that
there would be a substénti.al friction loss along the tendons. Allowance was
also made for a straight-through conduit and plastic encased tendon for
calibration and comparison purposes. Figure 3 is a diagram of the test block
and is based on a design used by ‘Gu},ron.2 Figure 4 (a) shows the conduit,
tendons and reinforcement in the form., Figure 4 (b) shows the finished

block with testing apparatus for the hydraulic vibrator.

2 vprestressed Concrete - V. Guyon, 1953,
John Wiley and Sons, Inc,
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(a). Form Ready for Concrete

FIGURE 4, CONSTRUCTICN OF TEST BLOCK FOR
HYDRAULIC VIBRATOR TESTS.

11



(b). Tests Under Way

FIGURE 4. CONSTRUCTION OF TEST BLOCK FOR
HYDRAULIC VIRRATOR TESTS. (Continued)
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2. Resin Grout and Impact Studies. Test blocks for the

resin grout and impact studies were similar to the first block but designed to
‘allow six conduits in each block in sets of three each of either rigid or
flexible conduit. Figure 5 (a) shows a form on its sand base with support
bars and anchor plates‘ready for installation. Figure 5 (b) shows a compléted
form with rigid conduits installed. The flexible conduits were supported and
fixed in position by wiring them into halved sections of rigid conduits as
shown in Figure 5 (¢). The rigid conduit used was .75-inch (1.9 centimeter)
inside diameter electro-metallic tubing (E.M.T.) electrical conduit with a
.047~inch (0.12 centimeter) wall thicknesé . The flexible conduit used was
. 625—incﬁ (1.59 centimeter) inside diameter spiral. wound electrical conduit
also with a .047-inch (0.12 centimeter) wall thickness. Tendons used in all
the tests were nine feet se;:tions of either bare or plastic enca.sed pregreased
tendons‘ with a .153 square inch (.987 square centimeter) cross section and
270,000 pounds per square inch (1.862 X 109 paschal) ultimate strength.
B. Stressing System

Stressing was adcomplished through the use of an E‘nerpac 10,000 psi
(6.895 X 107 paschal) pump and two Enerpac 30-ton (4.137 X 108 palschal)
rams. Two Templetqn-Kenley 15,000 psi (1.034 X 108pascha1) pressure gauges
with a + 100 ;psi'(6.895 X 105 pa_schal) readability were used. One was used to
check the pressure at the applied load end of the tendon and the other to

check the pressure in the ram at the anchor end of the tendon. A specially

13



(@) Support Bars and Anchor () Comple.ted Form'With
Plates Ready for Installation Rigid Conduit

(¢} Support for Flexible Conduit

FIGURE 5. CONSTRUCTION OF TEST BLOCKS FOR RESIN
GROUT AND IMPACT STUDIES.
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FIGURE 6. HYDRAULIC VIBRATCOR SYSTEM
WITH ROTARY VALVE. .
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designed rotary valve was used in the first frictlon studies and is shown in
Figure 6 with the rest of the hydraulic system. Figure 7 shows the valve and
rotor design. |

The original hydraulic system was modified to perform the impact studies
of the second series of friction tests. A 5,000 psi (3.447 X 107 paschal)
reducing valve was added to the system, along with a Marsh 10,000 péi
(6.895 X 107 paschal) pressure gauge with a ¥50 psi (3,447 X 10° paschal)
readability, to monitor the applied load hydraulic pressure. The reducing
valve served to filter pump pressure fluctuations at higher pressures. It
also allowed much more efficient control of the system pressure levels.

Figure 8 shows the modified hydraulic system for the impact studies.

C. Vibration Systems

1. Hvdraulic Vibrator Rotary Valve System. Initially, friction

reduction was attempted through the application of stress waves, of
relaxation-tension-relaxation form in the direction of applied load at the
loading or "live" end of the test block. The stress waves were generated
with the use of a rotary valve driven _by a variable speed DC motor. The

ram pressure dropped whenever the turning valve rotor orifice became aligned
with the by-pass ports in the valve body (refer to Figures 6 and 7). After
the orifice passed the ports, the system was again ¢losed and the ram
pressure would increase. The result was a relaxation-tension-relaxation

cycle where the frequency could be varied by a variation of the motor RPM.

17



FIGURE 8. HYDRAULIC SYSTEM FOR IMPACT STUDIES.
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The envisioned result was to be able to apply a jerking action to the
tendon in an effort to overcome the frictional resistance.

2, Impact Methods. The second method of attempting friction
reduction also used the relaxation-tension cycle but was applied at the "anchor”
end of the test block. In this case, in order to provide the sharp jerking motion
desired, a hammer blow type impact was used. TWO different systems were
empioyéd to provide the impact.

a., Pneumatic. The first system incorporated an industrial
pneumatic impact vibrator. Impact was provided by a sliding piston acceler-
ated by a charge of air from a time controlled pneumatic valve., A constant
low level air pressure returned the piston to its starting point.

b. Impact Pendulum. The second system was a simple pendulum
motion impact hammer. The pendulum length could be varied, allowing
variation of the impact velocity., The hammer mass could also be varied,
using lead shot. Thé lead shot had the advantage of suppressing the
rebound velocity and increasing the impact duration time,

D, Data Collection System
1. Sensing Devices. Sensing devices used in the tests included
BLH 5,000 psi (3.447 X 107 paschal) pressure transducers and Houston
Scientific 50,000-pound (2.224 X 105 Newton) load cells, The pressure
transducers were used with the rotary valve hydraulic vibration systen'; while
the load cells were used for the impact tests. A hydraulic pressure of 5,000

psi (3.447 X 107 paschal) was equivalent to a 30,000-pound (1,334 X 10°
’ ' 19



Newton) tensile load on the tendons.

2. Recording Equipment. The recording equipment used was a

Honeywell 1858 Visicorder and modular inserts of the type necessary to
interface the sensing devices. The Visicorder allowed graphical recordings
of .0125 second/inch (4.921 X 103 second/centimeter) for the stress wave

analysis of the different vibration systems.

20



V. TESTING AND EVALUATION
OF FRICTION REDUCTION CONCEPTS

A. Hydraulic Rotary Valve System

1. Controllability. The rotafy valve system had the advantages of |

good contreollability within the set limits. Hydraulic pulse amplitudes could
be controlled by orifice size and motor speed as well as the set pressure
level. The peak-to-peak stress amplitude could be as much as 70 percent
of the set level at lower frequencies. Another advantage was good repeat-
ability of the pulse magnitudes.

2. Limiting Factors. There were several limiting factors on the
performance of the system. One factor was that the flow rate decreased with
| increasing pressure, resulting in a slow pressure rise with a sharp drop.

The desired affect was a sharp rise and a sharp drop. The slow rise charac-
teristic also limited the maximum pressures obtainable at higher pulse rates.

Another factor was that the peak pulse amplitude could be no more
than the set pressure level, It would be more desirable for the pulses to
oscillate "around" the set level rather than below the set level.

Other limiting factors on the system performance involved the
increase in normal forces with increase in tension. This meant that the
slow rise in ténsion cou‘ld achieve really no more than the theoretical
efficiency for a given curvature and friction coefficient. A sharp pulse,
however, might have the positive aspect of increasing the stressing

eificiency even if the pulées oscillated below the set level.

21



3. Results. The resultsv of the tests with the hydrauli;: vibration
system reflect all the problem areas discussed above., Within the stated
problems and geometric configufation of the tests, there was no observed
increase in anchor tension. Figure 9 shows the pulse amplitudes versus
frequency for five maximum tension levels. At the 30 kip (1,334 X 105 Newton)
level, the hydraulic pressure would drop continuously below a frequency of

about 2.5 cycles.

B. RESIN GROUTS
1. Grout Selection. Lubricating grouts for four structural combi-
nations were considered. They were:
a. Tendon coated with remeltable thermo-
plastic resin.
b. Tendbn sheathed in flexible conduit and
precharged with viscous thermoset epoxy resin.
¢. Rigid conduit with thermoset epoxy resin
pumped in after stressing tendon.
d. Rigid conduit with 2-part epoxy resin pumped in
after stressing tendon.
For the heat cure epoxies and the remeitable thermoplasltic resins, a
heat source would have been provided by connecting an AC arc welder to the

ends of the tendon. Tests conducted with an AC arc welder connected to a

20-foot (6.1 meter) tendon showed that a fairly uniform temperature of

22
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30009 -3300F (1490 - 16602 C) could be maintained. In this temperature range,

the heat cure epoxies selected for testing were specified to cure in one hour.

1) Thermoplastic Resins. Investigation into types of thermo-
plastic resins available for use in combination (a) listed above, reveéled that
few resins, if any, are available at the present time which approach the
requirements for this application. The requirements imposed were:

a) Good flexibility at room temperature
for coiling.
b) Low viscosity at melt temperature for
tensioning purposes.
c) Low melt temperatures so as not to
change strength properties of the tendon. |
d)}) Low creep properties for grout integrity.
Temperature data 3 for post tensioning tendons showed that the maximum

allowable temperatures for the steel tendons fall within the 325° - 4000F 4
(1630~ 2040 C) range. Maelt temperatures for flexible thermoplastic resins
also fall in this range, but their viscosties are high since large pressures are
required for molding at the prescribed temperatures. The creep characteristics 4

of flexible  thermoplastics are poor with respect to the imposed requirements.

A higher strength glass-filled or fiber reinforced resin with better creep

characteristics is usually more rigid. Reference 4 lists creep characteristics

3 Post Tensioning Manual - Post Tensioning Institute, 1972,
Prestressed Concrete Institute.

4 Modern Plastics Encyclopedia, 77-78, McGraw Hill, Inc.

24



and other properties for diverse types of thermoplastic resins. Mostly on the
basis of those data, it was decided to drop combination (a) from testing as far

as the scope of this project was concerned.
2) Thermosetting Resins. For the remaining structural combina-
tions, the imposed requirements were:
a) Two-part epoxy-resin.
- Pot life - a minimum of 20 minutes with
one hour preferred.
-~ Cure time - 24 hours to reach minimum
required bond strength.
- Bond strength— 200 psi minimum (1.379X 106 paschal).
- Consistency - that of post-tensioning cement
grout (minimum).
b) One part heat-cure epoxy resin.
- Shelf life - 30 days at 700 - 800 F (210 - 270 C)
(minimum).
- Cure time - 1 hour at 3500 F (177°C) (maximum)}.
- Bond strength - 200 psi (1.379X 106 paschal)
{minimum).
- Consistency - that of post-tensioning
grout (minimum).
From the materials survey and recommendations by the

Engineering Department of a local chemical company, two heat cure epoxy

resins and two 2-part epoxy resins were chosen for testing.
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2) Filler Selection.

a) Economics, Availability, Geometry. Since the
cost of the epoxies was expected to be high, two fillers were also selected
for the tests. Silica flour was chosen since it is a standard filler and fly
ash was chosen because of its availability, low cost and spherical shape.
It was hoped that the spherical shape would aid friction reduction. Figure 19
shows drawings of the geometric shape of the fillers as seen under a micro-
scope.

b) Laboratory Tests. One of the fillers was to be
eliminated on the basis of laboratery tests for friction properties and
compressive strength. The other filler and epoxy combinations were then
to be evaluated for material properties for future specifications. Figure 11
shows the flow chart of tests which were to be performed.

As indicated on the flow chart, the first tests to be
performed were consistency tests aimed at determining the filler-epoxy mix
ratios which would compare with that of normal cement grout., The local
testing labo;‘atory contracted for the tests, compared the epoxy consistencies
against grout mixtures containing too much water. This caused the epoxy
consistency to compare too high for establishment of filler-epoxy mix ratios
in the specified range. As a result, they elected to perform the remaining
tests using a one~to—-one mix ratio. Test results as reported by the testing

laboratory are listed in Table 1. Glass beads, or "oil-well prop" as
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TABLE 1. FILLER SELECTION TEST RESULTS,

Fly Ash Silica Flour Glass Beads
Specific Gravity 2.65 2.66 2.49
91.1% Passing| 75.3% Passing | 98.9% Retained|
Sieve Analysis £ 325 Sieve #325 Sieve #60 Sieve
Consistency 1
Brookfield Viscosity 50% HC-1 50% HC-1 50% HC-1
Spindel #2 - 2 rpm 7,620 7,840 7,400
(Centipoise)
Compressive 23
Strength (psi) 2
24 hours -0 = 18,000 17,000
72 hours -0 - 18,000 17,500
Coefficient of Friction4 50% HC-1 50% HC-1 50% HC-1
Static 0.90 0.92 0.87
Kinetic 0.80 0.80 0.75

"Heat Cure #1 (Quadrant Chemical C2057M) epoxy was chosen
for the filler selection tests.

Z'HC-1 could not be molded properly in standard cube molds. The

test specimens were prepared using l-inch I.D. glass cylinders.
3. "The HC~1 and Fly Ash mixture did not cure hard after mixing and
heating for one hour at 325°F. (16300)

4‘A 50-milligram film of each item was applied to a glass plate and

the coefficient of friction was determined using a 100 gram flat
steel bar. The determination of relative friction coefficients was
the object of the test.

1 psi = 6,895 X 10° paschal 1 in. = 25.4 mm
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termed by the supplier, was substituted for the fly ash when the testing
laboratory found that the fly ash epoxy mixtures would not set up for the
compression tests.

On the basis of the lower viscosity and friction co-
efficients for the glass beads, they were chosen for the filler for the friction
tests in the concrete blocks.

3) Friction Tests.

a) Results. For cons'istency, the one~to-one mix
ratio used by the testing laboratory was also used for the cement block friction
tests, Tendons were coated with the different mixtures and then stressed to a
30 kip (1.334 X 165 Newton) load, From the recordings, the friction loss
across each tendon was noted and an average of the losses taken for each set
of conduits. In three of the tests, five weight percent of filler was placed by
an equal weight of powdered graphite for comparison. Table 2 lists the results
of these tests and the epoxies tested.

Comparing the results for the losses obtained from
the epoxies against the loss obtained for the bare tendon shows that the
epoxy-filler combinations afforded no improvement over the bare tendon
friction losses. Presumably, the high viscosity of the mixtures had thé
greater adverse affects., It may also be noted that the graphite added did

lower the losses, though only slightly.
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TABLE 2. RESULTS OF FRICTION TESTS OF
EPOXY FILLER COMBINATIONS.

Grouts Friction Loss (lbs)
TP-1 with Filler 7250
TP-1 with Filler and Graphite 7150
TP~2 with Filler 8330
TP-2 with Filler and Graphite 8170
HC-1 with Filler 7080
HC-1 with Filler and Graphite 6750
HC-1 No Filler 7000
HC-1 No Filler with Graphite 6250
HC-2 Special Blend 6250
* Bare Tendon in Rigid Conduit 6000
* Bare Tendon in Flexible Conduit 6120

TP-1 = Nicklepoxy Concrete Injection Resin {product #3)}

TP--2 = Shell Epon 828.

HC-1 = Quadrant Chemical C-2057M.
HC-2 = Quadrant Chemical CQL~-185-112,
HC-3 = Thermoset DC-725.

* Bare tendon in rigid and flexible conduit gave the lowest
friction losses.

1 Ibf =4.448 Newton
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It was thought at first that the large size of the glass
beads #60 sieve), coupled with the possibility that they were crushing under
the‘normal force loads, caused the higher friction losses. Two supplementary
tests were then performed using the lowest viscosity epoxy {HC-1) with no
filler. No decrease in friction losses were obtained and, except for the HC-2
test, further testing planned with the epoxies, including the laboratory tests,

were discontinued.

b) Problems. HC-2 was a special blend supplied by
a local chemical company. It was mixed with approximately 40 percent by
weight of #325 (or better) mesh silica flour and a thixotropic additive. Unfortu-
nately, by the time of testing, and partially due to the lack of air conditioning
during part of the shelf time of the epoxies, both the HC-2 and HC-3 had begun
to thicken and set. Because of this, the HC-3 was set aside and only one test
was made with the HC-2. The consistency of i’he HC-2 was like taffy and very
hard to apply to the tendon and to then install the tendon in the conduit. The
HC-2 gave a friction loss equal to that given by the least viscous epoxy with
no filler., Considering the result of the single test with HC-2, in the light of

the consistency of the epoxy when tested, this particular epoxy-filler com-

bination is worthy of consideration for future tests in the area of cement grouts.
4) Setting Heat Cure Epoxy Grouts

a) Initial Feasibility Tests. As previously mentioned

and as shown in Figure 12, tests conducted with an AC arc welder showed that
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a uniform temperature of 3000 - 3300 F (149° - 166° C) could be maintained for
one hour. There were, however, some conflicting results during the tests. The

first tests were run using a 9-foot (2.7 meter) tendon inserted into a test block.
A digital voltmeter was used to measure the thermocouple potentials and an ice
bath was used for zero reference. The test showed that the three measuring
points rose in temperature at a different rate and leveled off and stayed at
fairly wide differences in temperature. After a long heating period, the tendon
had not reached 3000F (1490C) so the amperage was increased from 200 to 220
amps. The temperatures increased but maintained the wide differences in
value. The test is shown in Figure 13, The inset figure (b) of Figure 13 shows
the test points on the tendon. The day was sunny and warm,

Another set of tests wererunina different conduit just
after a rain. Moisture Was removed from the conduit by swabbing the bore with
a dry rag. The subsequent tests gave the wide variation in temperatures of
Figure 14. The tendon was then moved into open air, supported on polyurethane
pads and heated. The tendon increased in temperature uniformly up to 300°F
(149° C) as shown in Figure 15.

b) Twenty-foot Tendon. A set of tests was then per-
formed with a 20-foot (6.1 meter) tendon covered with a dry sand envelope.
Figure 16 illustrates the test. The test points were covered by polyurethane

foam enclosures.
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The sand acted as a rough simulation of a grout around
the tendons. It was expected from the previous tests that the thermal energy
would dissipate into the sand and nbnuniform heating would result. This was
not the case, however, as the tendon heated uniformly as shown in Figure 12.

¢} Ten-foot Beams. Two 10-foot (3 meter) concrete
beams were then constructed, as illustrated in Figure 17, which would allow
placement indoors under controlled conditions. The ultimate purpose of the
test was to set a heat cure epoxy pumped into the conduits. First, dry heating
tests were run to make sure the tendon would heat uniformly. The outside
surfaces of the beams were also monitored by thermocouples to check thermal
gradients in the beam induced by high dissipation rates. In other tests, water
was poured on the beams and'the beams were covered with moist towels to try
to induce thermal dissipation through the cement.

In all the tests up to the point of grout setting, the
tendons heated uniformly over the 10-foot (3 meter) length. Figure 18 shows
the result of a wet beam test which is typical of all the tests. It is possible
that the beams were not sufficiently wet to cause variations in temperature
such as those of Figure 12,

Grout setting was not carried out because of the results
of the friction tests. Instead, eifforts were turned back again to the impact

studies,
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C. Pneumatic Impact System

A Martin PV-3 impact vibrator was modified to perform purely as an
impactor in an effort to generate sharp release pulses for the friction reduction
tests. A timer and pneumatic control valve were employed to facilitate control
of impact frequencies .,

Originally, a factory-built, timed impactor with the same mass piston waé
to be used, but after a long delay in delivery, inquiry revealed that the impactor
ordered was out of production. The PV-3 was settled upon since its dimensions
would allow it to easily adapt to the support apparatus constructed for the tests.
Figure 19 shows the system ready for testing.

The impact tests were performeld at the anchor end of the test blocks.

The reasoning was that a release pulse propagating from the anchor end would
momentarily lower the normal forces at a point, and as it passed, the local
tensile forces would elongate the tendqn at the point. The overall result would
be an increase in tension all along the tendon as evidenced by a drop in applied
tension because of the accumulated elogation. Also, release pulses would not
overload the tendon as might occur with increasing applied tension-type pulses.

When the impact system was finally tested, it was found that the limited
piston travel would not allow a veiocity high enough to achieve a workable
range of impact energies. Little data was taken with the system and efforts

were turned to the construction of & simple pendulum impacting device,
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FIGURE 19. PNEUMATIC IMPACT SYSTEM.
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D. Impact Pendulum System

1. Description and Procedure. The pendulum system was arranged so that

the hammer mass and the pendulum arm length could be varied if necessary.

The mass was set at a maximum of six pounds (26.7 Newtons) and the

pendulum arm length was adjusted to the maximum obtainable for each tendon,
The swing was measured by the use of a degree wheel mounted on the axis of
rotation of the pendulum arm. Figures 20 and 21 diagram components of the
pendulum apparatus and Figure 22 shows the anchor end ram With‘ locad cell and

impact plate. Figures 23 (a) and 23 (b} are photos of the test apparatus.

Tests started at a 10© angle and were incremented 10° up to a maximum
of 909, Tests were run at load levels of 10kip (4.448 X 104 Newton), 20 kip
(8.896 X 104 Newton), and 30 kip (1.334 X 10° Newton). Each level was
impacted at each 10° increment from 10° to 90°. If an anchor tension increase
occurred for a particular degree of swing, it was impacted at that angle until
no increase occurred. The angle was then incremented and the process repeated.

2. System Advantages and Problems. Advantages of the system were its

simplicity and the range of impact amplitudes available. The maximum impact

forces at 90° angles were in the 7,000-pound (3.114X 104 Newton) range.
Impact times ranged from 200 to 500 micro-seconds.

Disadvantages of the system were the inability to vary the impulse duration
and the poor repeatability of an impact force at a given pendulum angle. Also,
the impact generated free damped oscillation so that the initial pulse effects
were clouded by several release-stress cycles.

3. Results and Observations - Static Load Tests. The first tests run were

static load tests'where the impact magnitude was not incrementally controlled

44



17

DEGREE WHEEL
SUPPORT FRAME -
—~ MOUNTING POSTS

o

1ol

UPPER

PENDULUM ARM\
ARM CLAMPS B ‘

NOUNTING

\1 /CLAMDS
CONCRETE

| ] BLOC K
NIl

LOWER
PENDULUM ARM \

4&5 MASS E

HAMMER

lo
—

POST MOUNTING STUDS

1

o}

od

FIGURE 20. IMPACT PENDULUM ASSEMBLY.



9¥

LOWER PENDULUM ARM
/MOUNT\NG BRACKET

V777277777777 7T 777 77777,
N

X X / '

/ IMPACT FACE

NN

Lll Ll
11

REAR COVER PLATE

SHOT INSTALLATION LEAD SHOT

PORT & PLUG
SHOT COMPARTMENT

FIGURE 21. VARIABLE MASS HAMMER.



Ly

»

—'2— STEEL IMPACT PLATE
LEAD & CANNON PLLUG

[’
Z!-WALL STEEL TUBE

STRAND CHUCK

VTSP /s

L&)
N H
0

t — — 4 = o — e e e = e e o ——

=

iy

Vi 2

RAmM /

LOAD CELL:
- STEEL BASE PLATE

TENDON

o

’E‘T STEEL ANCHOR PLATE

1" = 25.4 mm CONCRETE BLOCK

FIGURE 22. ANCHOR END TEST APPARATUS.
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since the maximum anchor end increase was to be studied. The tests are
termed "static” in that the applied tension was set and the hydraulics valved
off. This was done in order to allow observation of the impact effects at both
ends of the tendon. The tendon was impacted until the anchor tension had
increased and stopped. Since the applied tension had dropped, the tendon

was then rgtensioned and impacted again to see if the anchor tension would
continue to rise. It was found that after a maximum anchor tension was
obtained, retensioning and impacting again with the same magnitudes of impact
forces resulted in no further increase in anchor tension. However, larger

" magnitude impact forces would again increase the anchor tension slightly

along with corresponding decreases in applied tension.
Tests were performed on one set of three rigid conduits and one set of
three flexible conduits. Each tendon was tested at the three load levels of

10 kip (4.448 X 104 Newton), 20 kip (8.896 X 104 Newton), and 30 kip

(1.334 X 10° Newton). Each level was impacted until it maximized,
beginning with the lowest level and stepping up to the next levels in sequence.

The impact magnitude was generally limited to the 10,000-pound (4.448 X 104

Newton) range since appreciable changes in anchor tension, after maximizing,
were affected only by sizable increases in impact magnitude. Figure 24 shows
a typical recording of a static load test.

After the third level had been maximized, the tendon was detensioned,
then retensioned, according to the same procedure except the applied tension
was allowed to remain live and return the load to the original level after each

impact. This was done in order to determine any advantages offered by either
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technique on the final anchér tension as évidenced by the final anchor tension
compared to the initial applied tension.

Table 3 lists part of the results showing the initial tensions and the
changes in tension for two cases. Case 1 (Anchor 1) is the change in anchor
tension when the applied tension had dropped its maximum amount, and the
second case (Anchor 2) is the total anchor tension change. The Table also
gives the equivalent added applied tension (equivalent force) which would be
necessary to incréase the anchor tension the Case 1 amount, the maximum
impact force applied for the load range under test, and the initial and final
ratios of anchor to applied tension. The final anchor to applied tension ratio
does not reflecf stressing efficiency of the tendon but is only for comparison
of the impact effects between tests. It was thought that the flexible conduit
" might allow a smaller friction loss but no advantages were observed, as the

Table shows. The data does exhibit a relationship between the change in

Aapplied tension and the equivalent force.

Table 4 compares the results of 30 kip (1.334 X 109 Newton) live load
tests with the 30 kip (1.334 X 10° Newton) static load tests. The ratios of
final anchor tension to initial applied tension shows that there was no

conclusive advantage to either method of raising the anchor tension.

4., Results and Observations - Dynamic Load Tests

a. Impact Characteristics. The second set of impact tests used

the impact pendulum with high speed recordings of the impacts. TFigure 25 is

an example of one recording where the applied tension had dropped.
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TABLE 3.

APPLIED AND ANCHOR TENSION CHANGE DATA FOR STATIC LOAD IMPACT TESTS.

nitial Tension Equivalent] Maximum ImpactjAnchor to Applied
(1bs) Level Change (lbs) Force Force Tension Ratio (TA/T() Conduit
Applied |Anchor | Applied|Anchor 1|Anchor 2 (1bs) (lbs} F=Flexible
(To) (Tn)  JCA T (AT [(AT)) (Fp) (P,) Initial Final | R=Rigid
11,000 8450 -1500 +1000 ) +1000 1327 6375 .77 .86 F
20,900115,163 -1738 +1250 | +1462 1658 7838 - .73 .80 F
31,850122,450 -2025 +1463 | +2038 1941 8025 .70 A7 F
11,315 8863 - 650 + 463 |+ 526 614 4938 .78 .83 F
21,600}16,088 -1625 +1475 | +1563 1957 6688 .74 .82 F
32,250123,500 -1375 +1213 | +1625 1609 7524 .73 .78 F
10,963 8525 - 813 + 750+ 813 995 4625 .78 .85 F
21,075}115,550 -1538 +1138 { +1250 1510 5563 .74 .80 F
31,438122,875 ~3138 +2650 | +3125 3516 9313+ .73 .83 F
10,813 8500 -1150 + 975 {+ 975 1294 6113 .79 .88 R
20,538116,238 - 913 + 875 1+1300 1161 6563 .79 .85 R
30,313}24,613 - 625 +1025 | +1150 1360 6250 .81 .85 R
11,125 8788 ~ 825 + 713 1+ 838 946 6725 .79 .87 R
21,650§16,625 - 838 + 5381+ 588 714 7500 .77 .80 R
31,7504323,913 - - 750 + 538 |+ 675 714 8000 .75 77 R
111,150 8350 -1275 + 650 | +1275 862 6125 .75 .B6 R
120,863}f15,500 -1863 + 938 | +1663 1244 6738 .74 .82 R
31,500(22,500 -2688 +2063 | +2438 2737 7050 .71 .79 R

1 Ibf =4.448 Newton




TABLE 4. COMPARISON OF RATIOS OF ANCHOR TO
APPLIED TENSION RATIOS FOR STATIC AND LIVE

LOAD IMPACT TESTS.

Anchor to Applied Tendon Ratio (Ty/Tg)

Maximum Impact

" ) Force (Fg) Conduit

Inltla; Final (1bs) P = Flexible

Static Live Static Live Static Live R = Rigid
.73 .70 .76 77 8125 8025 - F
.73 .73 .78 .78 7475 7561 F
.73 .73 .82 .83 9000 9313+ F
.73 .71 .81 .77 6938 7050 R
.77 .75 .80 77 7375 8000 R
.76 .81 .82 .85 5938 6250 R

1 1Ibf = 4.448 Newton
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The recordings revealed much about the effects éf an impact and the resulting
redistribution of forces along the tendon. For example, Figure 25 shows the
damped elastic oscillation of the tendon,. the large anchor end stressing
caused by the reflected stress wave, the shift of the center of oscillation to
a new equilibrium position, the dispersing Fourier wave packets, the final
anchor tension increase, the decrease in applied tension and high frequency
disturbance there, and the final equilibrium level for the applied tension. The
high frequency disturbance of the applied ‘tension is probably due to a high
velocity "snap' release of tension on that end of the tendon. Since the
applied tension was allowed to increase to its original level after each
impact the new applied tension in Figure 25 is seen to be gradually in-
creasing. The total time interval of Figure 25 is 0.10 second.

Tables 5 and 6 list the impact data for the maximums of each
degree increment for two tests on bare tendons in rigid conduit combinations.
Tables 7 through 8 are similar data for bare tendon in flexible conduits. A
small amount of cement had leaked into the ends of the flexible conduits and,
though they were thought to be cleaned out well, all three conduits exhibited
higher than normal friction losses. As can be seen in the Tables, the higher
friction dominated the impact effects on the applied load end of the tendons.

The Tables exhibit three forms ©of final equilibrium conditions
after an impact. TFirst, there may be a decrease vin the anchor tension with
no change in the applied tension as shown in Figure 26 (a). Second, there

may be a sizable increase in the anchor tension with no change in applied
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TABLE 5.  BARE TENDON IN RIGID CONDUIT
(a) LEVELI - 10 KIP(4.448 X 104 NEWTON)

Pendulum| Impact |Anchor Level | Maximum Applied} Applied Load
Swing Force Change Load Drop Level
Angle (P,) (ATp) (P;) Change (ATp)

(Degrees)| (Pounds) (Pounds) (Pounds) (Pounds)

10 900 o= 25 0 0
20 1738 - 25 0 0
30 2913 + 75 0 0
40 3438 + 50 0 0
50 4075 +163 0 0
60 4713 +175 -125 - 75
70 5375 + 200 -688 -175
80 5113 + 62 0 0
90 6313 +100 0 0

1 1bf = 4.448 Newton

TABLE 5. BARE TENDON IN RIGID CONDUIT (Continned)
(b) LEVEL II - 20 KIP (8.896 X 104 NEWTON)

Pendulum | Impact |Anchor Level | Maximum Applied | Applied Load
Swing Force Change Load Drop Level
Angle (Po) (A Tp) (Pr) Change (ATp)

(Degrees)| (Pounds) (Pounds) (Pounds) (Pounds)

10 850 - 12 0 0
20 1925 - 12 L 0 0
30 2538 - 63 0 0
40 3538 0 0 0
50 4000 - 25 0 0
60 4913 - 38 0 0
70 6463 +438 -1788 -625
80 5750 +125 0 0
90 7625 +475 -2125 -725
|

1 Ibf = 4.448 Newton
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TABLE S5, BARE TENDON IN RIGID CONDUIT (Continued)
(¢) LEVEL III - 30 KIP (1.334 X 105 NEWTON)
Pendulum| Impact | Anchor Level| Maximum Applied| Applied Load
Swing Force Change Load Drop Level
Angle (P, (A Ty) (Pr) Change (A Tp)
(Degrees)| (Pounds) (Pounds) (Poiands) (Pounds)
10 950 - 50 0 0
20 1913 - 75 0 0
30 2725 - 75 0 0
40 3538 0 0 0
50 4138 +100 0 0
60 5438 +350 ~-1163 - 413
70 6663 +613 -3275 -1287
80 6750 +175 0 0
90 7138 + 25 0 0

1 Ibf = 4,448 Newton

BARE TENDON IN RIGID CONDUIT

TABLE 6,
(a) LEVEL I - 10 KIP (4.448 X 104 NEWTON)
Pendulum | Impact | Anchor Level|{ Maximum Applied| Applied Load
Swing Force Change Load Drop Level
Angle (P,) (A Ty) (Py) Change (ATp)
(Degrees)| {Pounds) (Pounds) (Pounds) (Pounds)
10 688 - 13 0 0
20 1275 0 0 0
30 . 2725 +125 0 0
40 3063 +125 0 0
50 3850 +200 - 925 -263
60 4875 +275 -1250 -288
70 4775 + 75 0 0
80 4835 + 37 0 0
90 6888 +162 -1188 =325

1 1bf = 4.448 Newton
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TABLE 6. BARE TENDON IN RIGID CONDUIT (Continued)
(b) LEVEL II - 20 KIP(8.896 X 104 NEWTON)
Pendulum | Impact | Anchor Level | Maximum Applied} Applied Load
Swing Force Change Load Drop Level
Angle (Po) (A Ty (P1) Change (ATp)
(Degrees) | (Pounds)] . (Pounds) (Pounds) (Pounds)
10 900 - 13 0 0
20 1613 - 25 0 0
30 3025 -+ 75 0 0
40 3375 + 62 0 0
50 4050 + 62 0 0
60 3713 + 13 0 0
70 4563 +. 12 0 0
80 6388 +575 ~-2675 0
) 90 6513 +100 0 o

1 Ibf = 4,448 Newton

TABLE 6. BARE TENDON IN RIGID CONDUIT (Continued)
(¢) LEVEL III - 30 KIP (1.334 X 10° NEWTON)
Pendulum | Impact |[Anchor Level | Maximum Applied | Applied Load
Swing Force Change Load Drop Level
Angle (PO) (A Tp) (P1) Change (ATA)
(Degrees) | (Pounds) (Pounds) {Pounds) (Pounds)
10 888 - 25 0 0
20 1650 - 50 0 0
30 2663 - 50 0 0
40 3600 + 88 0 0
50 4188 +100 0 0
60 4588 + 63 0 0
70 4600 0 0 0
80 5700 +413 -2638 -10Q0
90 5850 + 88 0 0
p —— el

1 Ibf = 4.448 Newton
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TABLE 7. BARE TENDON IN FLEXIBLE CONDUIT
(a) LEVEL I - 10 KIP (4.448 X 10%* NEWTON) -

Pendulum} Impact | Anchor Level | Maximum Applied|{ Applied Load
Swing Force Change Load Drop Level
Angle (Po) (A Tap) (PL) Change (ATp)

(Degrees)} (Pounds). (Pounds) (Pounds) (Pounds)

10 775 - 25 0] 0
20* - - - —
30 2075 - 37 0 0
40* - - - _—
50 3375 +112 0 0
60 4050 +200 0 0
70 3850 + 63 0 0
80 4525 +200 0 0
90 4638 + 62 0 G

* Record timing error - missed peak.
1 Ibf = 4,448 Newton

TABLE 7. BARE TENDON IN FLEXIBLE CONDUIT (Continued)
(b) TLEVEL II - 20 KIP {8.896 X 104 NEWTON)

Pendulum | Impact |[Anchor Level | Maximum Applied | Applied Load
Swing Force Change Load Drop Level
Angle (P,) (ATp) (P1,) Change (ATp)

(Degrees) | (Pounds). { (Pounds) (Pounds) (Pounds)

10 800 - 25 0 0
20 1475 ~100 0 0
30 2163 -150 0 0]
40 2275 -162 0 0
50 3163 -125 0 0
60 3863 - 50 0 0
70 4725 +175 0 0
80 5638 +263 0 0
90 6000 +163 0 0
; =

1 Ibf = 4.448 Newton

59



TABLE 7.  BARE TENDON IN FLEXIBLE CONDUIT (Continued)
(¢) LEVEL III - 30 KIP (1.334 X 10° NEWTON)

Pendulum| Impact | Anchor Level] Maximum Applied| Applied Load
Swing Force Change Load Drop Level
Angle (P) (A Tp) (Pp) Change (AT,)

(Degrees)| {Pounds) (Pounds) {Pounds) (Pounds)

10 850 - 37 0 0
20 1438 - 63 0 0
30 2200 -133 0 0
40 3275 -133 0 0
50 3950 -100 0 0
60 4250 - 62 0 0
70 5438 + 75 0 0
80 5925 +150 0 0
90 6125 +187 0 0

1 1bf=4.448 Newton

TABLE 8. BARE TENDON IN RIGID CONDUIT
(a) LEVEL I - 10 KIP (4.448 X 104 NEWTON)

HPendulum | Impact | Anchor Level Maximum Applied] Applied Load
Swing Force Change Load Drop Level
Angle (Pd) (ZSTA) (Pp) Change ([&TA)

(Degrees) | (Pounds) {Pounds) (Pounds} {(Pounds)
10 688 - 25 0 0
20 1125 - 50 0 0
30 1813 - 63 0 0
40 3150 +125 0 0
50 3750 +113 0 0
60 3663 + 25 0 0
70 4088 + 87 0 0
80 5438 + 63 0 0
90 7175 +175 =750 -188

1 Ibf = 4.448 Newton
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TABLE 8,

BARE TENDON IN FLEXIBLE CO&\T
(b) LEVEL II - 20 KIP(8.896 X 10

DUIT (Continued)
NEWTON)

Peridulum ] Impact [Anchor Level | Maximum Applied| Applied Load
Swing Force Change Load Drop Level
Angle (PO) (ATp) (Pr) Change (ATA)

(Degrees)| (Pounds) {Pounds) {Pounds) {Pounds)

10 200 - 25 0 0
20 1788 - 75 - 0 0
30 2488 - 5(Q 0 0
40 4288 +100 0 0
50 5075 +138 0 0
60 4275 0 0 0
70 4775 - 12 0 0
80 5825 0 0 0
90 6913 +400 0 0

1 1bf = 4,448 Newton

TABLE 8.  BARE TENDCN IN FLEXIBLE CONDUIT {(Continued)
(¢) LEVEL III - 30 KIP(1.334 X 10° NEWTON)

Pendulum | Impact (Anchor Level | Maximum Applied| Applied Level

Swing Force Change Load Drop Level

Angle (P,) (A Tp) (P1) Change (A Ta)
(Degree) | (Pounds) (Pounds) (Pounds) (Pounds)

10 838 - 37 0 0

20 1600 - 87 0 0

30 2300 ~113 0 0

40 2900 ~162 0 0

50 3763 - 13 0 0

60 4875 + 50 0 0

70 5213 + 75 0 0

80 6200 +188 0 0

90 7850 +188 0 0

1 Ibf = 4,448 Newton
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Initial Condition
~—=— Final Condition

o T2

(a) Decrease in Anchor Tension Ty
with no change in Applied
Tension T0

o) T2

(b) Increase in Anchor Tension Ta
with no change in Applied
Tension TD

_ TATATA
TATATA

o T2 o W2
(d) Desired effect where Tension

(c) Decrease in Anchor Tension Ty
increases all along Tendon

with drop in Applied Tension TO

FIGURE 26, FORMS OF EQUILIBRIUM
CONDITIONS AFTER IMPACT
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tension as shown in Figure 26 (b). Third, there may be an increase in anchor
tpnsion and a corresponding decrease in tension of the applied load as shown
in Figure 26 (c). The desirable impact effect which would .allow a uniform
increase in tension along the tendon is shown in Figure 26 (d). The tabulated
date is indicative of the end conditions only and does not give the actual
tengion toward the middle of the block. But this data, together with the
recordings, such as Figure 25, and some rationale of the mechanics involved
allows sdme assumptions to be made,

b. Mechanics. Earlier in the report, it was mentioned that the
reasoning behind the effectiveness of an anchor end impact was that a momentary
decrease in the anchor tension also decreases normal forces and thus, frictional
resistance along the tendon. When a large enough decrease occurs, the applied
tension is then allowed to redistribute along the tendon by‘a percentage of the
magnitude of the drop in friction forces. A large enough release pulse at the
anchor end would be one which releases enough tension tied up by frictional
forces to first overcome the static friction force and then allow the tension
along the tendon to increase proportionately with the released forces. Only a
percentage of the total possible increase could be attained since the duration
time of the magnitude of the impact force sufficient to allow redistribution of
tension is shorter than the duration of the full impact. The extent of redis-

tribution of tension is then indicated by an increase in anchor tension and a

decrease in applied tension.
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The magnitude of the dec;'ease in applied tension because of
redistribution of tension should then fall in the range of the equivalent added |
applied force necessary to increase the anchor tension the observed amount.
Table 3 compares the drop in applied tension with the equivalent force calcu-
lated from the Case 1 increases in anchor tensions. Figure 27 is a plot of
this data against a theoretical reference line for comparison. The reference
line uses the average friction coefficient for the whole group. As can be seen,
there seems to be a parallel between the data points and the theoretical line.
Figure 28 (a) depicts the final stress distribution under these assumptions.
(In the stress diagrams, the curves are nearly linear, so straight line graphs
have been used for simplicity.)

After studying the data, along with the high speed recordings
of the impacts, it became apparent, for the case where there is a decrease in
applied tensicn, that this did not mean there was an increase in fension all
along the tendon, and that a final indicated _anchor end increase in tension
did not necessarily indicate the actual increase in tension of the anchor end.
The anchor increase could actually be greater than the final equilibrium indi-
cation since it was possible for the increasing phase of the generated elastic
wave to stress the tendon from the anchor direction. Static friction forces
would lock in some of the tension,. allowing a final anchor end indication
somewhat relaxed from the actual tension when the tendon finally settled at
its new equilibrium position.

This reasoning may be applied to the first case of Figure 26

where a decrease in anchor tension occurs. Here the release pulse is small
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FIGURE 27, APPLIED TENSION DEGREASE (A T.) VERSUS ANCHOR
TENSION INCREASE (A Tp) COMPARED TO PREDICTED
EQUIVALENT FORCE, Fg. ‘
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enough with respect to the static friction forces so that it is cancelled not
far from the anchor end. The increasing tension phase of the elastic wave
then stresses the tendon towar& the anchor end. 1t is then possible for
increased frictional forces at the anchor end to lock in part of any increase
in tension which may occur.. Since the friction loss along the tendon near
the anchor end also increases with the increase in tension, a negative
indication for the anchor tension is obtained after the tendon relaxes to its
equilibrium position. TFigure 28 (b) shows the stress distribution for this
case, (Note that with respect to the shape of the curves, the final elongation
of the tendon must be greater than the amount of initial relaxation in order to
have a ne£ decrease in tension at the anchor end.)

For the case of Figure 26 (b) where the anchor tension in-
creases, the same effects occur but the release pulse in large enocugh so that
the total relaxation locked in by the friction forces is greater than the
elongation cf the increasing tension phase of the cycle. The result is an
increase in the anchor tension but now, because of the greater amount of
relaxation, there is a possible dip in tension where the release pulse was
cancelled. This situation is illustrated in Figure 28 (c).

For the case of Figure 26 (d), as was observed earlier in the
discussion of the original thoughts on the impact mechanics, only a per-

centage of the possible increase in anchor tension is possible because of the
short duration of the impulse. This gives rise to another observable aspect

which is the phase relationship between the magnitudes of the impact
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_ To PLUS FQUIVAIENT
FORCE Fg(Theoretically, Fg would be
the extra applied tension necessary to

cause the increase in anchor tension
™ ~
FE‘ i -~ TA+ ATA
To—
Ao

POSSIBLE STRESS
DISTRIBUTION AFTER
IMPACT

INITIAL CONDITION
RELAXATION DUE TO

ELONGATION OR
DISPTACEMENT

TA)‘

(a) After Impact as Assumed Initially.
FIGURE 28. PROBABLE STRESS D‘ISTRIBUTION ALONG TENDON .
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ANCHOR TENSION DUE TO .
INCREASING PHASE OF EIASTIC

WAVE AND INCREASED FRICTION

FORCES (Elongation Phase of Cycle) —

Maximum
Anchor
Tension

Initial Condition

ANCHOR RELEASE PUISE P,
(Relaxation Phase Of Cwycle)

FINAL ANCHOR TENSION AFTER IMPACT -
(Less Than Initial Condition Due To
Elongation Trapped By Friction Forces)

Minimum
Anchor
Tension

®) Tz

(b) With Reduction -in Anchor Tension after Impact.

FIGURE 7. PROBABLE STRESS DISTRIBUTION ALONG TEMDON (Continued)
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ANCHOR TENSION DUE TO
INCREASING PHASE OF
ELASTIC WAVE,

(Trapped Elongation)

Initial Condition
TO \

ey

/ )
DIP IN TENSION

DUE TO RELEASE
PULSE
(Trapped Relaxation)

ANCHOR RELEASE PUISE P,

_FINAL ANCHOR TENSION AFTER IMPACT
(M_ore Relaxation Trapped Than Elongation)

Maximum
Anchor
Tension

Minimum
Anchor
Tension

O

(c) With Increase in Anchor Tension After Impact.

Tz

FIGURE 28. PROBABLE STRESS DISTRIBUT™ i ALONG TENDON (Continued)
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DROP IN APPLIED TENSION ,
(Overall Shift Toward Applied Tension End)

INCREASE IN TENSION

DUE TO INCREASING

PHASE OF ELASTIC

WAVE (Trapped Elongation)

Maximum
Anchor

Tension

S~

~

Zif::;pped Relaxation

ANCHOR RELEASE PUISE P,

FINAL ANCHOR TENSION AFTER IMPACT

Minimum
Anchor
Tension

o o Y/

(d) With Reduction in Applied Tension and
an Increase in Anchor Tension

FIGURE 28, PROBABLF STRESS DISTRIBUTION ALONG TENDON (Continued)
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force at the two ends of the tendon. In the case where the applied tension
decreases, and the length of the tendon is greater than a quarter wave length
of the generated stress wave, the magnitude of the impact force has been large
enough to overcome the static friction force by a given amount, but the magni-
tude of the applied tension decrease is limited since the anchor end goes into
the increasing tension phase of the cycle where friction forces are also
increasing. An example of this is shown in Figure 25, where the applied tension
decrease is occurring after the anchor impact force has reached its peak
magnitude.
The end result of all this is that the friction forces‘have

"captured"” a slight displacement in the direction of the applied tension..
Since the applied tension is greater than the anchor tension, the drop in
applied tension is greater than the change in anchor tension for the same
magnitudelof displacement. A diagram of the slip-type stress distribution
is given in Figure 28 (d) for the moment immediately after impact.

¢. Mathematical Model. An approximate mathematical
model may be determined if the impulse duration is allowed to increase so
that the full effect of the j.mpact is realized. Considering the tendon
element of Figure 29, with the initial conditions given by the standard

equation for calculating the tension along a post-tensioned tendon:
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[T-(P+AP)]cos 8%z ~[(T-AT)-P] Co5 8%z ~ Ms AN =0
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FIGURE 29 . TENDON ELEMENT WITH INITIAL CONDITIONS
T, AND Tp UNDER THE INFLUENCE OF RELEASE PULSE P,.



Tp =T, EXP (-t ) (1)
Where Tp = anchor tension
‘T, = initial tension
Hy= kinetic friction coefficient
<"b = total curvature along the tendon
and a long duration sguare wave type release 'bulse, an expression for the
tension on the tendon may be obtained of the form:

Ty - Pg = (T - Po) EXP ( L ) (2)

Where T[, = Tg + T§ = applied tension + static friction force

Pg = magnitude of decrease in static
friction force due to impact

Tp= anchor tension
P, = impact
/‘Ls = coefficient of static friction

= total angular change in radians
along cable.

Figure 30 (a) is a diagram of the initial kinetic and static conditions using
static and kinetic friction coefficients of 0.4 and 0.2 respectively, and a

30 kip (1.334 X 10° Newton) initial tension. Also in the Figure 30 (a) a 4 kip
(1.779 X 104 Newton) release pulse has belen superimposed on the initial
conditions. The release pulse is cancelled by the static friction force at the

point where the friction force becomes greater than the applied tension. Re-

" laxation occurs up to that point, according to the line defined by Equation (2).
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When the anchor tension begins to increase, the system is in
free damped oscillation so that thg resulting anchor tension increase is less
than 2 Po by an amount determined by the damping. If, for illustratioh
purposes, this is controlled to be 1.75 Po' then the line of the equation:

T'= (Tp + .75 Py) EXP (-pt ) ()
may be added to the diagram of Figure 30 (a). The resulting stress distri-bution
is shown in Figure 30 (b). A dip in tension is seen to occur between the
intersection of the curves of equations (2) and (3) with the curve of equation
(1). |

If the ancheor tension is now allowed to decrease back _toward
Tp, the final anchor tension will settle at a point slightly above Tp, as
shown in Figure 30 (¢). A hump now occurs because friction retains part of

‘the increase in tension. The anchor tension settles above Tp because more
displacement was lost to relaxation in the dip than that gained in the hump.
The difference will be reflected by an increase in anchor tension.

If this process were repeated for a system with larger static
and kinetic friction coefficients, less displacement wpuld be lost to friction
forces for the same magnitude of release pulse. Figure 31 shows this
condition. The range of forces allowing an indicated decrease in anchor

tension is therefore increased as is exemplified by the data of Tables 7

and 8.
When Po is large enough to overcome the statie friction force,

equation (2) takes the kinetic friction coefficient and the applied
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76

?:‘“/ \\\\ -
L |20 (Ta-Po)EXP (Ws) ~

X .

% DIP IN TENSTONM (Ta- po)/f
O

7 " (Tat TSPYEXP (-, D) B
0

W

4

o

<

3

|
5

N ANCHOR TENStioN (KIPS)



To-

Ny : NEW INDICATED
ANCHOR TENSION

Ta
-
a|%° - \:‘/; [
ﬂ_ -
X (Ta-Po) | §.«
~ FINATL STRESS DISTRIBUTION Q
g AFTER ONE CYCIE &
D {Solid Line) _ Z
Z o ¢
W
o @
Q
b I
5 2
o £
< ' T
O & (RAD) /Z

1 kip = 450 kg

(c) After One Cycle of Elastic Wave Generated
by Release Pulse P,.

FIGURE 30. STRESS DISTRIBUTION ALONG TENDON (Continued)

77



40 Ms =0,
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tension decreases the allowed amount. The stress distribution after one
cycle is shown in Figure 32 before and .after retensioning.

Figure 33 shows an approximation of stress distribution after
several cycles if P0 were just equal to TS.. After retensioning, however,
the stress distribution would come back to the initial conditions,

Recalling the diagrams of Figure 26, the first three figures
have now been developed to the actual situations which are confirmed by
the data. The desired results of Figure 26 (d), as can be seen from the
| preceding information, are then not achieved by the impact method and other
methods must be sought in order to effectively reduce friction losses for

post-tensioned pavements.
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