
116 

 Table 4-11: Stress Analysis Used To Size   Anchorage Test Specimen, Part 4 

 Table 4-12: Stress Analysis Used To Size   Anchorage Test Specimen, Part 5 
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 Table 4-13: Stress Analysis Used To Size   Anchorage Test Specimen, Part 6 

 Table 4-14: Stress Analysis Used To Size   Anchorage Test Specimen, Part 7 
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Table  4-15:  Approximate Stress Analysis For S1 and S2 Specimens 

Figure  4-47: Dimensions of the PT Anchorage Specimen 
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Figure  4-48:  Block Specimens during Construction Showing Internal Instrumentation 
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CHAPTER 5 

LABORATORY TESTING OF BLOCK SPECIMENS 

5.1 Post-Tensioning Anchorages and Ducts 

Two of the major post-tensioning anchorage system suppliers in the United States are VSL 

Corporation and Dywidag Systems International.  Two (2) different post-tensioning anchorage 

systems (one supplied by each of the two manufacturers) were used in this test program.   The 

size of the post-tensioning anchors was limited based upon consideration of the 1000K load 

capacity of the FDOT load testing frame.  Thus, based upon the size of the test specimen and the 

use of two (2) anchors in each specimen, a relatively small anchor system (with design capacity 

of 289K) was used.   The PT test specimen size was selected with the intent of ensuring that most 

of the specimens would fail under loading prior to reaching the load capacity of the FDOT 1,000 

kips loading frame. 

5.2 VSL EC 5-7 Post-Tensioning Anchorages and Ducts 

The VSL anchor designation for the 289Kips capacity PT anchor is VSL Type EC 5-7. Figure 

5-1 shows the geometry of the EC 5-7 anchor.  In addition to PT anchors, post-tensioning ducts 

and spirals were embedded in the test specimens. The duct used is a plastic duct.     
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Figure  5-1: VSL EC 5-7 Post-Tensioning Anchor 

5.3 Dywidag MA 5-0.6 Post-Tensioning Anchorages and Ducts 

The Dywidag anchor designation for the 289K capacity PT anchor is Dywidag MA 5-0.6. 

Figure  5-2 gives the dimensions for the anchor.  In addition to PT anchors, the post-tensioning 

ducts were also used in the test specimens.   The duct used is a 59 mm plastic duct.       
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Figure  5-2: Dywidag MA 5-0.6 Post-Tensioning Anchor 

5.4 Non-Prestressed Steel Reinforcement 

The AASHTO code divides the post-tensioning (PT) anchorage zone into two sections, the local 

zone and the general zone.  In accordance with the AASHTO code, the anchorage device 

supplier is responsible for providing anchorage devices and records of acceptance tests which 

comply with the AASHTO requirements.  In addition, the anchorage device supplier “shall 

specify auxiliary and confining reinforcement, minimum edge distance, minimum anchor 

spacing, and minimum concrete strength at time of stressing required for proper performance of 

the local zone (AASHTO, 2007)”.  The local zone includes the anchor system and the 

surrounding concrete.  To help prevent failure of the anchor system, for both the VSL and the 
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Dywidag anchors, the anchorage device design includes a steel spiral which is to be installed 

with the anchors.  Thus, the spiral size and geometry are specified for each anchor.  In the 

general zone, bursting steel is provided to prevent excessive cracking due to the bursting stresses 

that develop in the concrete.   For PT test specimens, the bursting steel design is based upon the 

equations given in Sections 5.9 and 5.10 of the AASHTO LRFD Bridge Design Specifications 

(2007).    

5.4.1 Spiral Reinforcement for VSL Anchors 

As shown in the VSL Type E anchor table, Figure 5-1, the spiral to be used with the VSL EC 5-7 

anchor was # 4 bar spiral with a diameter of 9.0 inches and 6 turns.  Twelve inches (12”) is the 

distance that the spiral shall extend beyond the outer surface of the PT anchor into the PT anchor 

zone.  Using this information, the computed pitch for the spiral is 2” (Figure  5-3).  

Figure  5-3: Anchors used in the Study 



124 

5.4.2 Spiral Reinforcement for Dywidag Anchors 

As shown in the Dywidag Multi-plane Anchorage MA table, Figure  5-2, the spiral used with the 

MA 5-0.6 anchor was # 4 bar with a diameter of 7.75 inches. Ten inches (10”) is the distance that 

the spiral shall extend beyond the outer surface of the PT anchor into the anchor zone. The pitch 

for the spiral is 1.875”.   

5.4.3 Tie Reinforcement for VSL and Dywidag Anchors 

The tie reinforcement used for the anchor test specimens was determined by considering the 

2004 AASHTO code, Section 5.10.9.6.3 and Section 5.10.10.1 for post-tensioned anchorage 

zone design using “Approximate Stress Analysis”. For the VSL EC 5-7 anchor with a 

Guaranteed Ultimate Tensile Strength (GUTS) of 289 K, the approximate bursting force, Tburst 

was computed to be 48.2 K.   The distance used to determine the distribution distance for the 

bursting steel, dburst, was computed to be 9.75”.  In accordance with AASHTO Section 5.10.9.6.3 

the bursting rebar should be distributed for a distance of 2.5(dburst) but less than or equal to a 

distance of 1.5h, where h equals 19.5” for the anchorage specimen using two (2) EC5-7 anchors. 

Tie reinforcement was provided to satisfy the AASHTO recommendation by using five (5) # 4 

bars spaced at 5.25” (Figure  5-4).  However, in the test specimen matrix, in order to consider the 

effect of reducing the amount of bursting steel in favor of adding steel fiber, some specimens 

were cast with only three (3), # 4 bars spaced at 10.5 inches.  
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Figure  5-4: Anchorage Test Specimen Steel Tie Reinforcement.   

5.5 Fibers and Fiber Percentages Used In Anchorage Test Specimens 

The three (3) fibers used in the research project are Dramix ZP305, Helix, and Novomesh 850. 

Dramix ZP305 (a steel fiber) was used in earlier tests conducted for the Florida Department of 

Transportation (FDOT) by Yazdani, et al (2002) and Haroon (2003).  The Dramix, Helix and 

Novomesh fibers are shown in Figure  3-1.  PT anchorages test specimens were cast using each of 

the three fibers. 

5.6 Anchorage Specimens 

In an effort to consider the effects of several variables (type of steel fiber, confinement steel, 

bursting steel and anchorage device), twenty-seven (27) test specimens were cast with embedded 

post-tensioning anchors and ducts.  Twenty-three (23) of the specimens were cast with steel 

fibers and four (4) were cast with plain concrete.  
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5.7 Concrete Used for Anchorage Test Specimens 

As presented in Chapter 3, the concrete mix design selected for use in this project is a 4000 psi 

mix recommended by the FDOT Materials Lab.   A mix with a relatively high slump was used 

since the addition of steel fibers was expected to reduce the concrete slump. Table  3-1  shows the 

concrete mix design for the 4000 psi which is the minimum concrete strength recommended for 

post-tensioned anchorage. 

A total of 8 batches of concrete were cast to make the twenty-seven (27) test specimens: 

Thirteen (13) specimens (S1 Specimens) were cast with VSL PT anchors. Fourteen (14) 

specimens (S2 Specimens) were cast with Dywidag PT anchors.  Table  3-3 and Table 3-9 show 

the mix proportions of the four concrete batches used to cast S1 Specimens. The four concrete 

batches used to cast the S2 Specimens are shown in Table 3-9.  Based upon the preliminary 

material test results (which were presented in Chapter 3) and the finite element modeling 

(Chapter 4), the fiber percentage used for the test specimens was 0.5% for each of the three 

fibers.    

From each concrete batch, concrete cylinders were cast and tested to obtain material properties 

for the anchorage test specimens.  From these cylinders, compressive strength tests and split 

tensile strength tests were performed.  The test results were presented earlier (Figure 3-2 to 

Figure 3.7).  For S1 Specimens, The average 28 day compressive strengths for Plain, Dramix, 

Helix and Novomesh cylinders were 4846 psi, 4767 psi , 2848 psi, and 4305 psi, respectively. 
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For S1 Specimens, the average 28 day split tensile strengths for Plain, Dramix, Helix and 

Novomesh cylinders were 362 psi, 427 psi, 389 psi and 408 psi, respectively. 

5.8 Instrumentation and Data Acquisition Equipment 

This section provides information about the instrumentation and data acquisition system used in 

the test program. Internal instrumentation, strain gages were purchased from Vishay 

Micromeasurements. All external gages and the data acquisition system were supplied by the 

Florida Department of Transportation’s Structures Research Center. 

5.8.1 Instrumentation of Anchorage Test Specimens 

During the test, both strains and displacements were measured and recorded.  Internal and 

external strain gages were used.  The internal gages were mainly 5” gages by Vishay 

Micromeasurements (models EPG-5-350W and EPG-5-120W).  The external (surface) gages 

were TML Model PL-60-11, 60 mm, 120 ohm, foil strain gages.  Displacements of the test 

specimens were measured using a TML Model SDP-2000, full bridge, displacement transducers 

and Balluf Model BOD 66M Class II Laser distance measurement sensors.  Instrument locations 

for internal gages are as indicated in Figure 5-5 and Figure 5-6.  Installation of internal gages is 

shown in Figure 5-7.    
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Figure  5-5: Instrumentation of Block Specimen 

Figure  5-6:  Block Specimen Instrumentation 
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Figure  5-7: Installation of Embedded Gauges  

5.8.2 Data Acquisition System   

The test data was sampled and recorded using a data acquisition system manufactured by 

National Instruments:  Chassis Model PXI-1011 combo PXI/SCXI, Controller Model PXI-8176 

embedded controller running Windows XP/LabView, DAC (ADC) Card Model PXI-6251, 

Signal Conditioning Model SCXI-1530 strain gage module.  With this data acquisition system, 

the data was sampled at 1 kHz, averaging every 100 samples for a recording rate of 10 Hz.   

During testing the target strain rate was three (3) microstrains per second.   
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5.9 Testing Setup 

The PT anchor test specimens were load tested at the Florida Department of Transportation’s 

Structures Research Center in Tallahassee, Florida.   Photographs of the test setup is shown in 

Figure 5-8.  As shown in the figure, the 1000 Kip load frame (RSFrame) provided resistance for 

two (2) 800 Kips Enerpac actuators (Model #RR-40018).  The load of each actuator was 

measured by an Interface 600 Kips load cell (Model #1260CHG-600K).  The loads were applied 

to a heavy steel box which transferred the load to two (2) round steel tendon wedge anchor plates 

which loaded the anchors of the test specimen.  For the first specimen tested, S1-1, the concrete 

test specimen rested on a neoprene bearing pad. For all other tests, the specimens rested in a box 

of sand.  

Figure  5-8: Test Set up used in the Study 
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5.10 Testing Procedure 

Once a test specimen was properly positioned, instrumented and connected to the data 

acquisition system, the load was applied to the specimen. Using manual controls, the equipment 

operator controlled the load rate and relative magnitude of the load being applied by each 

Enerpac actuator.  The target load range was three (3) microstrains per second.   In general, the 

load was applied continuously to a test specimen until the specimen either failed or the capacity 

of the load frame was reached.  In a few instances, based upon the behavior of the specimen (i.e. 

cracking) the load was held steady for a brief period.   However, due to the high capacity of the 

applied loads, the specimens were observed from a distance until the load cycles were 

completed.  After the end of a load test, the tested specimen was examined closely.  Cracks were 

noted and the specimen was photographed.   During and after testing, any notable information 

was recorded (i.e. load at first cracking, failure mechanism). In the following sections the load 

test results for the twenty-seven (27) anchorage test specimens are presented and discussed. 

5.11 Anchorage Test Specimens with VSL Anchors (S1) 

The bearing surface (bottom surface) of the first test specimen, Specimen S1-1, rested on a 

neoprene bearing pad.  This pad was larger on all sides than the specimen and was approximately 

5” thick.  The pad was not new.  It was a salvaged bridge bearing pad which was being stored at 

the FDOT lab.   During testing, Specimen S1-1 experienced differential settlement at the bottom. 

This contributed to spalling originating on the east side (one of the narrow sides) of the 

specimen.  To improve bearing conditions for the next tested specimen, S1-2, the bearing end 

rested in a wooden sandbox.   Based upon the performance of Specimen S1-2 during the load 

test, using the sandbox was considered an improvement. Therefore, all other S1 and S2 
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specimens were tested with the sandbox at bearing surface.  In the load testing program, each 

specimen was loaded until 1) it failed suddenly due to punching shear or bursting tension, 2) it 

failed to carry additional load, or 3) the capacity of the load frame was reached. 

Each of the S1 Specimens was cast with two (2) EC5-7 VSL anchors, and each anchor was 

designed for a tendon with at Guaranteed Ultimate Tensile Strength (GUTS) of 289 kips.  This is 

the minimum breaking load for a tendon made of seven (7), 0.5”, 270 ksi low relaxation strands. 

Thus, for two anchors the GUTS is 578 kips.  For design purposes, VSL literature allows a 

temporary overstressing to 80% of the GUTS for the anchor.  This load, 80% of GUTS, is 231.2 

kips for each anchor.  For each test specimen, 80% of GUTS for two anchors is 462.4 kips.     

The AASHTO code, Section 5.10.9.7.2 limits the factored bearing resistance of the anchorage to 

be Pr = F f’n Ab where fn is the lesser of fn = 0.7f’ci S (A/Ag) and fn = 2.25 f’ci .  In the equation 

for Pr, Ab is the effective area of the bearing plate.   If f’ci, the specified compressive strength of 

concrete at the time of initial loading or prestressing, is 3,500 psi (the minimum concrete 

compressive strength required for applying maximum prestress force to the anchor), and fn = 

2.25f’ci, then  for the VSL EC 5-7 anchor, Pr would be calculated as approximately 222 kips  for 

each anchor.  Thus for two anchors, the total bearing resistance would be approximately 444 

kips.   

By considering 80% of GUTS and the limiting bearing resistance computed above for each 

anchor, a total applied load in excess of 444 kips applied to a S1 test specimen would be a load 

that approximately exceeds the design capacity of the VSL anchors based on the assumed design 
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parameters.  For load testing purposes, if a specimen successfully resists 462.4 kips, the 

specimen has fulfilled load capacity requirements for the VSL EC5-7 anchor system.   

5.11.1 Anchorage Test Specimen S1-1 

Specimen S1-1 was the first one load tested at the FDOT Structures Lab.  This specimen 

contained plain concrete, two (2) VSL EC5-7 anchors & ducts, a steel spiral and steel ties.    

Specimen S1-1 was tested at the age of 138 days.  The 28 day compressive strength and the 

ninety-six (96) day compressive strength were 4846 psi and 6618 psi, respectively.  The 28 day 

tensile strength and the ninety-five (95) day tensile strength were 362 psi and 457 psi, 

respectively.    The first visible surface crack occurred at a load in excess of 400 K.  The failure 

load of 627.92 Kips was approximately 9% greater than twice the GUTS for one VSL anchor 

(2x289K = 578 K).    

During the load test it was evident that differential settlement was taking place.   At the bottom 

of the test specimen on the east side the concrete started to spall before other signs of 

deterioration were evident.  Failure was initiated by excessive crushing and cracking at the 

bottom of the specimen, particularly on the east side.  At the highest applied load (627.9 Kips), 

the northeast corner of the specimen sheared off.  Figure  5-9 shows a network of cracked 

developed on the top surface.  The development of the cracks can be attributed to the presence of 

the bursting reinforcement (#4 bar ties spaced at 5.25”) and the spirals in the local zone.  Figure 

 5-10 to Figure  1-1Figure  5-11 show deflection and strain data from the surface and embedded 

gages for Specimen S1-1.  
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Figure  5-9: Crack Patterns for S1 Block (Spirals + Ties) 
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Figure  5-10: Applied Load vs. Deflection for S1 Block (Spirals + Ties). 
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Top Surface Strains   (None/Y/Y) 
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Figure  5-11: Range of Compressive and Tensile Stains at the Top Gauges 

5.11.2 Anchorage Test Specimen S1-13 

Specimen S1-13 contained plain concrete two (2) VSL EC5-7 anchors, two ducts, approximate 

50% of the steel spiral recommended by VSL for the local zone and 60% of the steel ties used in 

Specimen S1-1.  For this Specimen, the spacing of the steel ties was twice the tie spacing used in 

Specimens S1-1.  At the bearing end of the specimen, the specimen rested in a wooden sandbox.   

S1-13 was tested at an age of 155 days.  Cracks developed on all surfaces of Specimen S1-13 

during testing.  These cracks are show in Figure 5-14 to 5-15.    After the load was removed and 

the Specimen’s bottom was exposed, it was noted that the bottom surface was greatly 

deteriorated with large concrete spalls and cracks.   On a portion of the bottom of the specimen, 

the bottom layer of the tie reinforcement was exposed.   
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Specimen S1-13 was loaded until failure; a total load of 732.53 Kips was reached.   From 

looking at the bottom surface of the Specimen it seems that structural integrity of the specimen 

was exceeded prior to the application of the final load.  However, the specimen was loaded until 

it failed to carry additional load since the deteriorated condition of the bottom was not evident 

until after the load test was concluded.  Similar to S1 block, punching shear did not occur at the 

anchors.   With a 50% reduction in steel spirals and a 40% reduction in steel ties, Specimen S1-

13 accepted 17% more load than Specimens S1-1.  Figure 5-12 to Figure 5-13 show plots of load 

vs. deflection and load vs. stain measurements, respectively.  
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Top Surface Strains 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

-600 -400 -200 0 200 400 600 

Strain (microstrain) 

To
ta

l L
oa

d 
(K

ip
s)

 

S_Top_SG 

N_Top_SG 

N Top SG 

Figure  5-13:  Load vs. Strain Relationship for Embedded Gauges in S1-13. 

Figure  5-14: Crack Pattern at the Top Surface of S1-13.  
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Figure  5-15: Crack Pattern at the Bottom Surface of S1-13. 

5.11.3 Anchorage Test Specimen S1-2 

Specimen S1-2 contained concrete with 0.5% Dramix ZP305 fibers by volume, two (2) VSL 

EC5-7 anchors and ducts.   The specimen did not contain spirals and ties. At the bearing end of 

the specimen, the specimen rested in a wooden sandbox.   This was considered an improvement 

over using the neoprene bearing pad.  Therefore, all other specimens were tested with the 

sandbox at bearing surface. 

Specimen S1-2 was tested at the age of 153 days.  The 28 day compressive strength and the 

ninety-six (96) day compressive strength were 4767 psi and 5748 psi, respectively.  The 28 day 

tensile strength and the ninety-six (96) day tensile strength were 408 psi and 359 psi, 

respectively.  The failure load of 794 Kips was approximately 137% greater than twice the 

GUTS for each VSL anchor (2x289Kips = 578 Kips) (Figure  5-16).   Although both the 

compressive strength and the tensile strength of the concrete in Specimen S1-2 was less than that 

for Specimen S1-1, the failure load of Specimen S1-2 was 26% greater than the failure load for 
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S1-1.  The differential settlement of S1-1 may have been the reason for early failure of S1-1. 

Strain measurements from embedded gauges show the sudden punching failure for these types of 

block specimens Figure  5-17.   
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Figure  5-16: Load vs. Deflection of S1-2. 
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At failure, a major tension (bursting) crack developed on both the east and west faces (on the 

19.5’’ sides) of the specimen (Figure  5-19).  Steel ties were not present to resist the tensile 

forces.  Figure  5-19 to Figure  5-20 show the specimen split into two halves.  The major break 

through the specimen was not accompanied by a network of many small cracks as was the case 

in Specimen S1-1.  Few other cracks developed on the surfaces.  This indicates that the steel 

fibers were effective in reducing tension cracks in the surface even though no steel spirals or tie 

reinforcement were present.  The failure due to punching of the anchors and development of the 

large splitting crack on the short sides was sudden and accompanied with a loud explosive sound. 

Another major crack was noticed along the lower part of the block indicating bursting stresses 

due to the strut and tie action in the general stress zone.   

Figure  5-18:  Crack Pattern on the Top of S1-2; Typical for all Specimens without Ties. 
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Figure  5-19: Punching Shear Failure of the Anchors in S1-2. 

Figure  5-20: Zone of Bursting Cracks Between the two Ducts in S1-2. 
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5.11.4 Anchorage Test Specimen S1-3 

Specimen S1-3 contained concrete with 0.5% Dramix ZP305 fibers by volume, two (2) VSL 

EC5-7 anchors, two ducts, and steel spirals.   The specimen did not contain steel ties.  Using the 

typical load set-up (the same as used for Specimen S1-2), Specimen S1-3 was loaded until it 

failed at a total load of 865.48K (Figure  5-21).  Figure  5-22 shows the magnitudes of strain 

measurements of embedded gauges.  

Specimen 1-3 was tested at the age of 154 days.  Specimens S1-2 through S1-5 were all cast 

from the same batch of concrete.  Thus, the 96 day compressive strength and the 96 day tensile 

strength were 5748 psi and 359 psi, respectively. The failure load of this specimen was 9% 

higher than the failure load of Specimen S1-2.  Thus, test results indicated that the presence of 

spirals in the local zone contributed to a 9% increase in load capacity. 
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Figure  5-21: Load vs. Deflection of S1-3. 
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Embedded Gauges (Dramix/Y/N) 
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Figure  5-22:  Load vs. Strain Relationship for Embedded Gauges in S1-3. 

At failure, a major tension (bursting) crack developed on both the east and west faces (on the 

19.5’’ sides) of the specimen (Figure  5-23).  The major break through the specimen was not 

accompanied by a networks of many small cracked as was the case in Specimen S1-1.  Few other 

cracks developed on the surfaces (Figure  5-24).  This indicates that the steel fibers were effective 

in reducing tension cracks in the surface even though no steel tie reinforcement was present.   

Although, the failure was relatively sudden without a good network of cracks developing, Unlike 

S1-2, the punching failure in S1-3 was for the block of steel anchors and the spirals.  Two 

distinct blocks were resulted from the failure of this specimen as shown in Figure  5-24.  
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Figure  5-23:  Crack Pattern on the Top of S1-3 

Figure  5-24: Cracks at the Base of S1-13 

5.11.5 Anchorage Test Specimen S1-4 

Specimen S1-4 contained concrete with 0.5% Dramix ZP305 fibers by volume, two (2) VSL 

EC5-7 anchors, two ducts, and steel ties.   The specimen did not contain steel spirals.  Specimen 

S1-4 was loaded until the total load of 999.23 kips was applied.  The Specimen did not fail and 
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did not show any signs of distress during testing.  Loading was stopped because the load capacity 

of the load test frame (1000 Kips) was reached.   

A 1000 Kips load is 1.59 times greater than the load applied to Specimen S1-1 and 1.29 times 

greater than the load applied to Specimen 1-2.  Thus, the presence of ties (even without spirals) 

results in more than a 26% increase in load capacity above the capacity of the specimen with 

0.5% Dramix fibers by volume without ties and spirals, Specimen S1-2.   
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concrete specimens were 0.59 and 1.07, respectively. Thus, although the compressive strength of 

the concrete with Helix fibers was approximately 41% less, the tensile strength was 

approximately 7% greater than that of the plain concrete specimens.  For the highest ages 

recorded, the ratio of compressive strength of Helix specimens to that of the plain concrete 

specimens was 0.57 and the ratio of tensile strength of the Helix specimens to that of plain 

concrete specimens was 0.77.  Even with these strength differences, the failure load of Specimen 

S1-6 (with Helix) was only 4% less than the failure load for S1-1.   Thus, the presence of Helix 

fibers in the concrete mix, even with low strength concrete, improves the tensile strength of the 

specimen. Perhaps, the use of the neoprene bearing pad for Specimen S1-1 contributed to a lower 

load capacity for Specimen S1-1. Although this may be the case, it still must be noted that 

Specimen S1-6 carried a maximum load (600 K) that was 1.04 times greater than the GUTS load 

(578Kips) for the two (2) VSL anchors.  In the final stage of loading, failure was initiated by 

punching shear at the anchors.  This was accompanied by the development of bursting tension 

cracks on the side surfaces. Figure 5.30 shows the specimen broke into pieces and the 

development of bursting stresses at the lower part of the sample.  At maximum applied load the 

tensile strains ranged between 147 to 180 microstrain (Figure  5-30).   
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Figure  5-30: Load vs. Strain Relationship for Embedded Gauges of S1-6. 

5.11.8 Anchorage Test Specimen S1-7 

Specimen S1-7 contained concrete with 0.5% Helix fibers by volume, two (2) VSL EC5-7 

anchors, two ducts, and steel spirals.   The specimen did not contain steel ties.  Using the typical 

load set-up (the same as used for Specimen S1-2), Specimen S1-7 was loaded until it failed at a 

total load of 677.21 Kips (Figure  5-31).     

Specimen 1-7 was tested at the age of 148 days.  Specimens S1-6 through S1-9 were all cast 

from the same batch of concrete.  The failure load for S1-7 was 17% greater the GUTS for the 

two anchors.  With lower strength concrete, the strength capacity of S1-7 was 1.08 times greater 

than that of S1-1.  Comparing the ultimate load applied to S1-7 and S1-6, reveals that the 

inclusion of spirals in the local zone contributes to a 13% increase in load capacity.   Figure  5-32 

presents relationship of load vs. strain measurements from embedded gauges.   
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Figure  5-31: Load vs. Deflection of S1-7. 

Embedded Gauges (Helix/Y/N) 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

-600 -400 -200 0 200 400 600 800 1000 

Strain (microstrain) 

To
ta

l L
oa

d 
(K

ip
s)

 

EMB_0523-39 

EMB_0523-51 

Figure  5-32: Load vs. Strain Relationship for Embedded Gauges of S1-7. 

5.11.9 Anchorage Test Specimen S1-8 

Specimen S1-8 contained concrete with 0.5% Helix fibers by volume, two (2) VSL EC5-7 

anchors, two ducts, and steel ties.  The specimen did not contain steel spirals.  Specimen S1-8 
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was loaded until the total load of 919.7 kips was applied (Figure  5-33).  Figure  5-34 shows the 

relationship between applied load and strain measurements for embedded gauges.  A 919.7 Kips 

load is 1.38 times greater than the load applied to Specimen S1-1 and 1.59 times greater than the 

load GUTS for the VSL anchors.  Comparing the ultimate load applied to S1-8 and the ultimate 

load applied to S1-6 (which has 0.5% fiber but not spirals and ties), the test results showed that 

the presence of steel ties results in a 53% increase in load capacity.  Even with low strength 

concrete, the addition of Helix fibers to the section results in a significant increase in load 

carrying capacity.  The increase in strength attributable to ties in the specimen with Helix fibers 

is even greater than the 26% increase attributable to ties in the specimens with Dramix fibers.   
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Figure  5-33: Load vs. Deflection of S1-8. 
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Figure  5-34: Load vs. Strain Relationship for Embedded Gauges of S1-8. 

5.11.10   Anchorage Test Specimen S1-9 

Specimen S1-9 contained concrete with 0.5% Helix fibers by volume, two (2) VSL EC5-7 

anchors, two ducts, approximate 50% of the steel spiral recommended by VSL for the local zone 

and 60% of the steel ties used in Specimen S1-1.  For this Specimen, the spacing of the steel ties 

was twice the tie spacing used in Specimens S1-1 and S1-8.  Specimen S1-9 was loaded until a 

total load of 869.2 Kips was reached (Figure  5-35).  While cracks developed on all visible 

surfaces during load testing, failure was not dramatic.  The specimen simply ceased to resist any 

load greater than the final applied load.  Figure  5-36 shows strain values from embedded gauges 

and  pattern of cracks at the top and the bottom of the block. 

With 0.5% fiber by volume, a 50% reduction in steel spirals and a 40% reduction in steel ties, 

Specimen S1-9 had 38% more load capacity than Specimens S1-1.  Specimens S1-6 through S1-
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9 were all cast from the same batch of concrete with 0.5% Helix fibers by volume.  Specimen 

S1-6 had no spiral or ties.  Specimens S1-7 had spirals but not ties.   Specimen S1-8 had ties but 

no spirals.  The load capacity of Specimen S1-9 was 45% and 28% greater than that of Specimen 

S1-6 and Specimen S1-7, respectively.   The load capacity for Specimen S1-9 was 5% less than 

the load capacity of Specimen S1-8.   Based upon these load tests, the presence of steel ties in the 

general zone contributes more to load capacity than does the presence of spirals in the local zone. 

Comparing Specimen S1-9 with Specimen S1-13 shows that the steel fibers contributed to a 19% 

increase in load capacity.  
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Figure  5-35: Load vs. Deflection of S1-9. 
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Figure  5-36: Load vs. Strain Relationship for Embedded Gauges of S1-9 

5.11.11  Anchorage Test Specimen S1-10 

Specimens S1-10, S1-11 and S1-14 were all cast from the same batch of concrete with 0.5% 

Novomesh fibers by volume.  In addition to the Novomesh fibers, Specimen S1-10 contained 

two (2) VSL EC5-7 anchors and ducts.   The specimen did not contain steel spirals and steel ties.   

Specimen S1-10 was tested at the age of 149 days.  The 28 day compressive strength and the 154 

day compressive strength were 4305 psi and 5752 psi, respectively.  The 28 day tensile strength 

and the 154 day tensile strength were 410 psi and 295 psi, respectively.  The failure load of 838.5 

Kips was approximately 45% greater than twice the GUTS for each VSL anchor (2x289Kips = 

578 Kips) and 34% greater than the maximum load applied to Specimen S1-1.  The failure of 

Specimen S1-10 was a sudden, explosive failure (Figure  5-37).  The first visible surface crack 

did not develop until a load of approximately 750 Kips was applied to the specimen (Figure 

5-38).  Steel ties were not present to resist the bursting tensile stresses.   
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Figure  5-37: Load vs. Deflection of S1-10 
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Figure  5-38: Load vs. Strain Relationship for Embedded Gauges of S1-10 
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5.11.12   Anchorage Test Specimen S1-11 

Specimen S1-11 contained concrete with 0.5% Novomesh fibers by volume, two (2) VSL EC5-7 

anchors, two ducts, and steel spirals.   The specimen did not contain steel ties.  Using the typical 

load setup, Specimen S1-11 was loaded until it failed at a total load of 706.32 Kips (Figure 

5-39).  Specimen S1-11 was tested at the age of 149 days.    The failure load for S1-11 was 22% 

greater the GUTS for the two anchors and 12% greater than the load applied to Specimen S1-1. 

However, the total load applied to Specimen S1-11 was 16% less than the load applied to 

Specimen S1-10.  Based upon the shape of Specimen S1-11, form racking occurred during the 

casting of the specimen.  The top and side surfaces of the specimen were slightly angled.  This 

may have contributed to the reduced load capacity.  For both Dramix and Helix specimens, the 

addition of spirals in the local zone resulted in an increase in load capacity not a decrease.     
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Figure  5-39: Load vs. Deflection of S1-11 
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During loading, the first cracks occurred at approximately 450 Kips.  The cracks grew in size and 

number until the specimen completely failed at 706.3 Kips (Figure  5-40).    As noted for other 

load tests, in specimens without steel ties the number of cracks were much less but were much 

larger than cracks that develop in specimens with steel ties.  
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Figure  5-40: Load vs. Strain Relationship for Embedded Gauges of S1-11 

5.11.13   Anchorage Test Specimen S1-14 

Specimen S1-14 contained concrete with 0.5% Novomesh fibers by volume, two (2) VSL EC5-7 

anchors, two ducts, approximate 50% of the steel spiral recommended by VSL for the local zone 

and 60% of the steel ties used in Specimen S1-1.  For this Specimen, the spacing of the steel ties 

was twice the tie spacing used in Specimen S1-1.        
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Specimen S1-14 was loaded until a total load of 995.59 Kips was reached.  The Specimen did 

not fail.  The load application was stopped because the load limit for the load testing frame (1000 

Kips) was reached, essentially.   At the conclusion of the load test, there were no visible cracks 

on the surface of Specimen S1-14.  When the load was removed the specimen looked as if no 

load had been applied. Figure  5-41 shows load vs. deflection relationship for S1-14. 
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Figure  5-41: Load vs. Deflection of S1-12 

Considering a final load capacity in excess of 1000 Kips, Specimen S1-14 was greater than 59% 

stronger than Specimen S1-1 and greater than 19% stronger than Specimen S1-10.  Since 

Specimen S1-14 had a load capacity that was over 1.36 times greater than that of Specimen S1-

13, the steel fibers contributed at least a 36% increase in load capacity. 
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The load capacity for the specimen was over 1.73 times greater than the GUTS for the VSL 

anchors.   The facts that no cracks developed at 1000 Kips indicates that the polypropylene fibers 

helped to prevent the development of cracks on the surface of the specimen.  Figure  5-42 shows 

load vs. strain data for S1-14.  
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Figure  5-42: Load vs. Strain Relationship for Embedded Gauges of S1-14 

5.12 Anchorage Test Specimens with Dywidag Anchors (S2) 

Each of the S2 Specimens was cast with two (2) Dywidag Multiple Plane Anchorages, MA 5-

0.6”, and two ducts. The guaranteed ultimate tensile strength (GUTS) for each anchor is 289 

Kips.  With two anchors in each specimen, the total GUTS is 589 Kips; the same as was used for 

the specimens with the VSL anchors.  The trumpets needed to connect the Dywidag anchors to 

the ducts, were not available.  Thus, duct material was used to create a connection between the 

anchors and the ducts.  This was not the Dywidag anchor system as designed.  Thus, the 
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strengths obtained in the test program may have been affected by the absence of the trumpets. 

However, since all of the S2 specimens were fabricated in the same way, strength comparisons 

can still be made for the various fiber and steel combinations considered in the S2 specimens.    

The bearing surface for all S2 specimens was a wooden sandbox.    

5.12.1 Anchorage Test Specimen S2-1 

Specimen S2-1 contained plain concrete, two Dywidag MA 5-0.6 anchors with ducts, two steel 

spirals and steel ties.   Specimens 2-1 was tested at the age of 55 days.  The 28 day compressive 

strength and the fifty-five (55) day compressive strength were 4406 psi and 5598 psi, 

respectively.  The 28 day tensile strength and the fifty-six (56) day tensile strength were 265 psi 

and 275 psi, respectively.   

The maximum load applied to the specimen was 723.25 Kips.  This load was 1.25 times greater 

than the GUTS for the two anchors.  Figure  5-44 shows some punching did occur at the anchors. 

However, this occurred near the upper limit of the load applied to the specimen.  Failure 

occurred due to the application of an excessive load; significant cracking and/or breaking of the 

specimen occurred on all surfaces during the load test.   
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Figure  5-43: Load vs. Deflection of S2-1 

A major difference between Specimens S2-1 and Specimen S1-1 are the anchors that were 

embedded in each; S2-1 had Dywidag anchors and S1-1 had VSL anchors.  Another difference 

was in the testing setup for the two specimens.  At the bearing surface, for Specimen S1-1 a 

neoprene bearing pad was used instead of the sandbox that was used for Specimen S2-1. The 

maximum load applied to Specimen S2-1 was approximately 15% greater than the maximum 

load applied to S1-1.  However, the concrete compressive strength of the S2-1 was 

approximately 15% less than the concrete strength of Specimen S1-1. The relationship between 

load vs. strain measurements is shown in Figure  5-44.  
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Figure  5-44: Load vs. Strain Relationship for Embedded Gauges of S2-1 

5.12.2 Anchorage Test Specimen S2-14 

Specimen S2-14 contained plain concrete two (2) Dywidag MA5-0.6” anchors, two ducts, 

approximate 50% of the steel spiral recommended by Dywidag for the local zone and 60% of the 

steel ties used in Specimen S2-1.  For this specimen, the spacing of the steel ties was twice the 

tie spacing used in Specimens S2-1 (and the same as that used in S1-2).  At the bearing end of 

the specimen, the specimen rested in a wooden sandbox.    

Specimen S2-14 was tested at an age of 56 days.  The first visible cracks on the surface of the 

specimen did not develop until a load in excess of 600 kips was reached.  Medium cracks exist 

on all surfaces of the specimen.  Bursting tension cracks are on the east and west faces of the 

walls.    Failure was initiated in the general zone of the anchorage specimen.   The failure load 
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was 645.8 Kips (1.117 times greater than GUTS).  Figure  5-45 load vs. deflection relationship, 

and Figure  5-46  shows strain measurements of embedded gauges in S1-14. 
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Figure  5-45: Load vs. Deflection of S2-14 

With approximately 50% of the spiral steel and 60% of the tie steel used in Specimen S2-1, 

Specimen S2-14 had over 89% of the strength of Specimen S2-1. Except for the different 

anchors and the different concrete strengths, Specimens S2-14 and S1-13 were similar.  The total 

load applied to S2-14 (646 Kips) was 12% less than the load applied to S1-13.  As stated 

previously, the concrete strength of Specimen S2-14 was over 15% less than that of Specimen 

S1-13. 
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Figure  5-46: Load vs. Strain Relationship for Embedded Gauges of S2-14 

5.12.3 Anchorage Test Specimen S2-2 

Specimen S2-2 contained concrete with 0.5% Dramix ZP305 fibers by volume, two (2) Dywidag 

MA5-0.6” anchors and ducts.  The specimen did not contain steel spirals and steel ties. 

Specimens S2-2 through Specimen S2-5 were all cast from the same batch of concrete with 0.5% 

Dramix ZP305 fibers by volume.  Specimen S2-2 was tested at the age of 55 days.  The 28 day 

compressive strength and the 55 day compressive strength were 3463 psi and 4200 psi, 

respectively.  The 28 day split tensile strength and the 56 day split tensile strength were 323 psi 

and 365 psi, respectively.  The compressive strength of 4200 psi was slightly above the concrete 

mix design strength of 4000 psi.   

The failure load of 557.2 Kips (Figure  5-47) was approximately 4% less than twice the GUTS 

for the anchors (578 Kips).  The failure was sudden and without warning.  The two factors which 
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most contributed to this reduced load capacity are absence of steel spirals and the absence of 

steel ties.  Even without the reinforcing steel, the load capacity of Specimen S2-2 was 

approximately 77% of the load capacity of Specimen S2-1, which contained plain concrete, the 

full Dywidag recommended spirals, and steel ties.   
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Figure  5-47: Load vs. Deflection of S2-2 

Figure  5-48 shows strain values from embedded gauges along with an image of the anchors 

punching through the concrete. Large cracks developed on the east and west faces (short sides) 

of the specimen.  These cracks were very wide because steel tie reinforcement was not present to 

distribute the tensile forces.  Much smaller cracks developed on the north and south faces of the 

specimen.   
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Figure  5-48: Load vs. Strain Relationship for Embedded Gauges of S2-2 

5.12.4 Anchorage Test Specimen S2-3 

Specimen S2-3 contained concrete with 0.5% Dramix ZP305 fibers by volume, two (2) 

Dywidag MA5-0.6” anchors, two ducts, and steel spirals.   The specimen did not contain steel 

ties.  Specimen S2-3 was tested at the age of 55 days.  Using the typical load set-up, Specimen 

S2-3 was loaded until it failed at a total load of 628.3 Kips (Figure  5-49).     

The first visible crack developed at approximately 600 Kips.  This crack developed on the north 

face of the specimen.  At the failure load, a large tension (bursting) crack developed on west face 

(on a 19.5’’ side) of the specimen.  Figure  5-50 shows strain measurements from embedded 

gauges.  As shown from the figure a very large crack developed on the west face of the specimen 
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at the failure load.  At the final load magnitude, some punching did occur at the anchors.  The 

failure load of this specimen was approximately 13% higher than the failure load of Specimen 

S2-2.  Thus, test results indicate that the presence of spirals in the local zone contributes to a 

13% increase in load capacity.    
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Figure  5-49: Load vs. Deflection of S2-3 
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Figure  5-50: Load vs. Strain Relationship for Embedded Gauges of S2-3 

5.12.5 Anchorage Test Specimen S2-4 

Specimen S2-4 contained concrete with 0.5% Dramix ZP305 fibers by volume, two (2) Dywidag 

MA5-0.6” anchors, two ducts, and steel ties.  The specimen did not contain steel spirals. 

Specimen S2-4 was loaded until the total load of 673.97 kips was applied (Figure  5-51).  During 

testing, the first visible crack developed on the north face at a load of approximately 560 kips.   

At the failure load, the specimen could not maintain the applied load.  Therefore, the load test 

was stopped.  Figure  5-52 shows the load vs. strain relationship of embedded gauges in the 

specimen.  
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The failure load was approximately 17% greater than GUTS for the anchors, 7% less than the 

load applied to Specimen S2-1, 21% greater than the load applied to S2-2 and 7% greater than 

the load applied to S2-3.   Thus, the presence of ties without spirals results in more than a 21% 

increase in load capacity above the capacity of the specimen with 0.5% Dramix fibers by volume 

without ties and spirals, Specimen S2-2.   
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Figure  5-51: Load vs. Deflection of S2-4 
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Figure  5-52: Load vs. Strain Relationship for Embedded Gauges of S2-4 

5.12.6 Anchorage Test Specimen S2-5 

Specimen S2-5 contained concrete with 0.5% Dramix ZP305 fibers by volume, two (2) Dywidag 

MA5-0.6” anchors, two ducts, approximate 50% of the steel spiral recommended by Dywidag 

for the local zone and 60% of the steel ties used in Specimen S2-1.  For this Specimen, the 

spacing of the steel ties was twice the tie spacing used in Specimens S2-1 and S2-3.  Specimen 

S2-5 was loaded until a total load of 665.56 Kips was reached.   

The first cracks developed a total load in excess of 500 Kips.  At the failure load, approximately 

666 Kips, the specimen ceased to maintain the applied load (Figure  5-53).  Thus, the load test 

was stopped.   Some punching of the anchors did occur.  Based upon the crack pattern, it appears 

that the failure of the specimen was due to both local and general zone failure.  Figure  5-54 

shows load vs. strain relationship for the two embedded gauges in the block. 
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Figure  5-53: Load vs. Deflection of S2-5 

With 0.5% fiber by volume, a 50% reduction in steel spirals and a 40% reduction in steel ties, 

Specimen S2-5 had 8% less load capacity than Specimen S2-1.  Specimens S2-2 through S2-5 

were cast from the same batch of concrete with 0.5% Dramix fibers by volume.  Specimen S2-2 

had no spiral or ties.  Specimens S2-3 had spirals but not ties.   Specimen S1-4 had ties but no 

spirals.    The load capacity of Specimen S2-5 was 8% less, 19% greater, 6% greater and 1% less 

than the strengths of Specimens S2-1, S2-2, S2-3, and S2-4, respectively.   Although the strength 

of S2-5 was less than that of Specimen S2-1, load capacity of S2-5 was 15% greater than the 

GUTS for the anchors.  Figure  5-54 shows load vs. strain data for Specimen S2-5. 
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Figure  5-54: Load vs. Strain Relationship for Embedded Gauges of S2-5 

5.12.7 Anchorage Test Specimen S2-6 

Specimens S2-6, S2-7, S2-8 and S2-9 were all cast from the same batch of concrete, which 

contained 0.5% Helix fiber by volume.  Specimen S2-6 contained concrete with 0.5% Helix 

fibers by volume, two (2) Dywidag MA5-0.6” anchors and ducts.   The specimen did not contain 

steel spirals and did not contain steel ties.  Specimen S2-6 was tested at the age of 56 days.  The 

28 day compressive strength and the 56 day compressive strength were 4550 psi and 5757 psi, 

respectively.  The 28 day split tensile strength and the 56 day split tensile strength were 361 psi 

and 388 psi, respectively.  The failure load of 567.7 Kips was approximately 2% less than the 

GUTS for the two anchors (578 Kips).    
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Figure  5-55: Load vs. Deflection of S2-6 

The first visible surface crack occurred at approximately 450 Kips.  During the load test, cracks 

developed on all visible surfaces of the Specimen (Figure  5-55 and Figure  5-56).  For this 

specimen, failure resulted from punching shear at the anchors. The absence of steel spirals 

contributed to this result.  The compressive strength and the tensile strength of the concrete in 

Specimen S2-6 was greater than the strengths of the concrete in the S2-1 Specimen.  However, 

the failure load of Specimen S2-6 was 22% less than the failure load for S2-1.  Comparing S2-6 

with S2-2, reveals that the two Specimens broke at approximately the same strength (an average 

of about 97% of the GUTS load for the two anchors); the failure load for Specimen S2-6 was 

approximately 2% greater than the failure load of Specimen S2-2.   Both of these specimens had 

steel fibers but did not have any other steel reinforcement. 
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Figure  5-56: Load vs. Strain Relationship for Embedded Gauges of S2-6 

5.12.8 Anchorage Test Specimen S2-7 

Specimen S2-7 contained concrete with 0.5% Helix fibers by volume, two (2) Dywidag MA5-

0.6” anchors, two ducts, and two steel spirals. The specimen did not contain steel ties.  Specimen 

S2-7 was tested at the age of 56 days.  Using the typical load set-up (the same as used for all 

specimens except S2-1), Specimen S2-7 was loaded until it failed at a total load of 691.14 Kips 

(Figure  5-57).     

The first visible cracks developed on the north and west sides of the specimen at an approximate 

applied load of 400 Kips.  Failure was noted when the specimen ceased to withstand additional 

applied load; an increase in load resulted in an increase in deflection which prevented resistance 

of the load.  The failure load for Specimen S2-7 was approximately 20% greater than the GUTS 
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for the two anchors.  The strength capacity of Specimen S2-7 was 4% less than that of Specimen 

S2-1.   
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Figure  5-57: Load vs. Deflection of S2-7 

Comparing the ultimate load applied to Specimens S2-7 and S2-6, revealed that the inclusion of 

spirals in the local zone contributed to a 22% increase in load capacity.  A relatively small 

displacement of the anchors (punching) did occur in Specimen S2-7.  Cracks developed on all 

surfaces of the specimen.  The crack widths were small to medium.  The cracks appear larger in 

the photographs because (to increase visibility) the cracks were traced with a marker.  Figure 

5-58 presents the load-strain relationship for the two embedded gauges inside the specimen.  



178 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

-400 -200 0 200 400 600 800 1000 

Strain (Microstrain) 

To
ta

l L
oa

d 
(K

ip
s)

 

EMB_0060-1 

EMB_0060-3 

Figure  5-58: Load vs. Strain Relationship for Embedded Gauges of S2-7 

5.12.9 Anchorage Test Specimen S2-8 

Specimen S2-8 contained concrete with 0.5% Helix fibers by volume, two (2) Dywidag MA5-

0.6” anchors, two ducts, and steel ties.   The specimen did not contain steel spirals.  Specimen 

S2-8 was loaded until the total load of 747.7 kips was applied (Figure  5-59).  Figure  5-60 

presents load vs. strain measurements.   Also, it can be seen that some displacement of the 

anchors did occur during testing.  The first cracks on the specimen developed at an applied load 

of approximately 675 Kips.  Cracks developed on all surfaces of the specimen.  Some cracks 

initiated on the bearing surface and some cracks initiated on the load surface at or near the 

anchors.  Both local and general zone failure occurred in this specimen.  

At the maximum applied load, the specimen would not adequately resist additional loads; the 

system load would not stabilize.  A 747.7 K final load was 1.03 times greater than the load 
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applied to Specimen S2-1 and 1.29 times greater than the GUTS load for the Dywidag anchors. 

Comparing the ultimate load applied to S2-8 and the ultimate load applied to S2-6 (which has 

0.5% fiber but no spirals and no ties) showed that the presence of steel ties results in a 32% 

increase in load capacity.   This increase in strength attributable to ties in the specimen with 

Helix fibers was greater than the 21% increase attributable to ties in the specimen with Dramix 

fibers.  
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Figure  5-59: Load vs. Deflection of S2-8 
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Figure  5-60: Load vs. Strain Relationship for Embedded Gauges of S2-8 

5.12.10   Anchorage Test Specimen S2-9 

Specimen S2-9 contained concrete with 0.5% Helix fibers by volume, two (2) Dywidag MA5-

0.6” anchors, two ducts, approximate 50% of the steel spirals recommended by Dywidag for the 

local zone and 60% of the steel ties used in Specimen S2-1.  For this specimen, the spacing of 

the steel ties was twice the tie spacing used in Specimens S2-1, S2-4 and S2-8.  Specimen S2-9 

was loaded until a total load of 752.594 Kips was reached (Figure  5-61).   This load was 30% 

greater than the GUTS for the two anchors.  

The first crack (a crack on the north face) occurred at the bottom of the specimen at 

approximately 550 Kips.  The second crack (also on the north face starting at the bottom) 

occurred at approximately 740 Kips.  At the maximum applied load, the specimen would not 

adequately resist additional loads; the magnitude of the applied load would not stabilize due to 
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deflection of the specimen at the load application points.  At the end of the load cycle, only small 

width cracks existed on the surfaces of the specimen.  However, it appears that the failure was 

due to both local and general zone failure; failure of the local anchorage zone was apparent.    

Figure  5-61 shows the surfaces of Specimen S2-9 after the load after the load test was complete. 
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Figure  5-61: Load vs. Deflection of S2-9 

With 0.5% fiber by volume, a 50% reduction in steel spirals and a 40% reduction in steel ties, 

Specimen S2-9 had 4% more load capacity than Specimen S2-1.    Specimens S2-6 through S2-9 

were all cast from the same batch of concrete with 0.5% Helix fibers by volume.  Specimen S2-6 

had no spiral or ties.  Specimen S2-7 had spirals but no ties.   Specimen S2-8 had ties but no 

spirals.    Specimen S2-9 had 33%, 9% and 1% greater load capacity of than did specimen S2-6, 

Specimen S2-7 and Specimen S2-8, respectively.  Figure  5-62 shows load-strain data for 

Specimen S2-9. 
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Figure  5-62: Load vs. Strain Relationship for Embedded Gauges of S2-9 

5.12.11  Anchorage Test Specimen S2-10 

Specimens S2-10, S2-11, S2-12 and S1-13 were all cast from the same batch of concrete with 

0.5% Novomesh fibers by volume.  In addition to the Novomesh fibers, Specimen S2-10 

contained two (2) Dywidag MA5-0.6” anchors and two ducts.   The specimen did not contain 

steel spirals and steel ties.  Specimen S2-10 was tested at the age of 57 days.  The 28 day 

compressive strength and the 61 day compressive strength were 4127 psi and 5179 psi, 

respectively.  The 28 day tensile strength and the 61 day tensile strength were 410 psi and 295 

psi, respectively.   

The first crack developed on the east side of the specimen at an applied load of approximately 

600 Kips.  The failure of Specimen S2-10 was sudden and due to punching shear.  As a result of 

the punching shear failure, major tension cracks developed on the east and west faces (short 
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sides) of the specimen.   Since tie reinforcement was not present in the specimen, the specimen 

broke into sections.  Figure  5-61 shows the surface cracks on the specimen after failure.  Figure 

5-64 presents load-strain relationship of the two embedded gauges in the specimen.  
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Figure  5-63: Load vs. Deflection of S2-10 

The failure load of 653.64 Kips was approximately 13% greater than twice the GUTS for 

Dywidag anchors.  This failure load was 10% less than the maximum load applied to Specimen 

S2-1, 15% greater than the load applied to Specimen S2-6 (the specimen with Helix fibers), and 

17% greater than S2-2 (the specimen with Dramix fibers).      
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Figure  5-64: Load vs. Strain Relationship for Embedded Gauges of S2-10 

5.12.12   Anchorage Test Specimen S2-11 

Specimen S2-11 contained concrete with 0.5% Novomesh fibers by volume, two (2) Dywidag 

MA5-0.6” anchors, two ducts, and steel spirals. The specimen did not contain steel ties.   

Specimen S2-11 was tested at the age of 57 days.  Using the typical load setup, Specimen S2-11 

was loaded until it failed at a total load of 569.723 Kips (Figure  5-65).     

The first cracks occurred on the north and south faces of the specimen at approximately 450 

Kips.   The failure at approximately 570 Kips was accompanied by a small “thud”.  Figure  5-65 

shows the failed Specimen S2-11, and Figure  5-66 presents load-strain relationship.  The failure 

load for S2-11 was approximately 99% of the GUTS for the two anchors and 21% less than the 

load applied to Specimen S2-1.   The maximum load applied to Specimen S2-11 was only 91% 

and 82% of the total load applied to Specimens S2-3 and S2-7, respectively.   
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Figure  5-65: Load vs. Deflection of S2-11 
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Figure  5-66: Load vs. Strain Relationship for Embedded Gauges of S2-11 
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5.12.13   Anchorage Test Specimen S2-12 

Specimen S2-12 contained concrete with 0.5% Novomesh fibers by volume, two (2) Dywidag 

MA5-0.6” anchors, two ducts, and steel ties. The specimen did not contain steel spirals. 

Specimen S2-12 was loaded at an age of 61 days until a total load of 750 Kips was reached 

(Figure  5-67).   The first crack on the surface of the specimen was not visible until approximately 

750 Kips, just prior to the final load application.  At higher loads, visible displacement of the 

anchors occurred such that additional load was not resisted by the specimen.  Figure  5-68   

presents load-strain relationship. The final load of 750 Kips was 4% greater than the load 

capacity of Specimen S2-1 and approximately 30% greater than the GUTS for the anchors in the 

specimen.  The strength of S2-12 was 15% greater than S2-10 and 32% greater than Specimen 

S2-11.   
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Figure  5-67: Load vs. Deflection of S2-12 
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Figure  5-68: Load vs. Strain Relationship for Embedded Gauges of S2-12 

5.12.14   Anchorage Test Specimen S2-13 

Specimen S2-13 contained concrete with 0.5% Novomesh fibers by volume, two (2) Dywidag 

MA5-0.6” anchors, two ducts, approximate 50% of the steel spiral recommended by Dywidag 

for the local zone and 60% of the steel ties used in Specimen S2-1.  For this Specimen, the 

spacing of the steel ties was twice the tie spacing used in Specimens S2-1, S2-4, S2-8 and S2-12.        

At an age of 61 days, Specimen S2-13 was loaded until a total load of 752.68 Kips was reached 

(Figure  5-69).  At this load, only hairline cracks were on the surface of the specimen.  The failure 

was a local zone failure of the anchor system.  Load-strain relationships of embedded gauges are 

presented in Figure  5-70. 
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The final load applied to Specimen S2-13 was 4% greater than the load applied to S2-1.  The 

load was 30% greater than the GUTS for the Specimen.  The load capacity for Specimen S2-13 

was approximately the same as the capacity for S2-12.  This further indicates that the failure was 

due to local zone failure in the vicinity of the anchorage system.   Essentially, Specimens S2-8, 

S2-9, S2-12 and S2-13 all failed at approximately 752 Kips and the failure appeared to be due to 

failure in the local anchorage zone.   
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Figure  5-69: Load vs. Deflection of S2-13 
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Figure  5-70: Load vs. Strain Relationship for Embedded Gauges of S2-13 

5.13 Discussion of Anchorage Specimens Test Results 

In this section the load test results for the various test specimens are summarized.   An attempt is 

made to discuss in brief the relevant findings from the two sets of test specimens.  The discussion 

includes a comparison of the performance of the S1 and S2 specimens.  Table  5-1, Figure  5-71 

Figure  5-72 show comparison of the two sets of specimens based on the maximum applied load 

(kips) and development of first crack.   
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Table  5-1: Comparison of the Two Sets S1 and S2 

Specimen  Fiber/Spiral/Ties 
Failure 
Load 
(Kips) 

First 
Crack 
(Kips) 

Observations 

S1-1  None/Y/Y 627.9 400+   
S1-2 Dramix/N/N 794.0 287 Major Bursting Tension Crack on E and W Faces 
S1-3  Dramix/Y/N 865.6 830+   
S1-4 Dramix/N/Y 999.2 1000 Stopped at 1000K, No visible cracks on the surfaces 
S1-5 Dramix/0.5/0.6 1000.4 1000 Stopped At 1000K, Few small cracks E sides. Cracks on bottom. 
S1-6 Helix/N/N 600.0 535+ Punching Shear. Loud boom At failure. 
S1-7 Helix/Y/N 677.2    
S1-8 Helix/N/Y 916.7 800   
S1-9 Helix/0.5/0.6 869.2 Specimen Began to Loose Load; Ceased to accept additional load. 
S1-10 Novomesh/N/N 838.5 750 Sudden, explosive failure. 
S1-11 Novomesh/Y/N 706.3 450   
S1-13 None/0.5/0.6 732.5 500   
S1-14 Novomesh/0.5/0.6 995.6 NA Load Stopped At 995K, No visible cracks at 980K. 

S2-1 None/Y/Y 723.2 Punching Shear (Test Not Observed by FAM/FSU) 
S2-2  Dramix/N/N 557.2 550 Sudden Failure 
S2-3 Dramix/Y/N 628.3 600 Large Crack on West face. 
S2-4 Dramix/N/Y 674.0 560 Specimen Began to Loose Load; Ceased to accept additional load. 
S2-5 Dramix/0.5/0.6 665.6 500+ Specimen Began to Loose Load; Ceased to accept additional load. 
S2-6 Helix/N/N 567.7 450 Bursting Tension, Punching Shear 
S2-7 Helix/Y/N 691.1 400 Specimen Began to Loose Load; Ceased to accept additional load. 
S2-8 Helix/N/Y 747.7 675 Only  minor cracks at 725K 
S2-9 Helix/0.5/0.6 752.6 550 Specimen Began to Loose Load; Failure of Anchor System. 
S2-10 Novomesh/N/N 653.6 600 Punching/Bursting Tension 
S2-11 Novomesh/Y/N 569.7 450 Sudden/ Small Thud/ Bursting Tension 
S2-12 Novomesh/N/Y 750.1 720+ Sudden, Soft Punching (displacement) of anchors. 
S2-13 Novomesh/0.5/0.6 752.7 550 Specimen Began to Loose Load; Ceased to accept additional load. 
S2-14 None/0.5/0.6 645.8 600+ Bursting Tension Crack on E and W Faces 
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Figure  5-71: Load Capacity for S1 Specimens 

55
7 62

8 67
4

66
6 

56
8 

69
1 74

8

75
3 

65
4 

57
0 

75
0

75
3 

64
6 72

3 

0 

200 

400 

600 

800 

1000 

1200 

Non
e/Y

 /Y
 

Dram
 ix/

N/N
 

Dra m
ix/

Y/N
 

Dra m
ix/

 N/Y
 

Dram
ix/

0.5
/0.

6 

Heli
x/N

/N
 

Heli
x/ Y

/N
 

Heli
 x/N

/Y 

Heli
x/0

.5/
0.6

 

Nov
om

es
h/N

/N
 

Nov
om

 es
h/Y

/N
 

N ov
om

es
h/N

/Y
 

Nov
om

es
h /0

.5/
0.6

 

Non
e/0

.5/
0.6

 

Specimen 

Fa
ilu

re
 L

oa
d 

(k
ip

s)
 

S2 Specimens 

Figure  5-72: Load Capacity for S2 Specimens 
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5.13.1 Discussion of VSL Anchor Test Specimens Results 

A review of the results for the S1 test specimens, specimens cast with VSL anchors, showed that 

adding steel fibers to the concrete mix did improve the performance of concrete in post-tensioned 

anchorage zones.   This was true for all three of the fiber types. 

Comparing specimens cast with Dramix ZP305 fibers with plain concrete specimens showed that 

steel fibers provide enough tensile strength such that it was possible to totally eliminate both 

steel spirals and ties without reducing the load capacity of the specimen.  In fact, for Specimen 

S1-2, the load capacity was 26% greater than that of Specimen S1-1.  The Dramix Specimen S1-

3 indicated that adding steel spiral with the steel fibers in the local anchorage zone resulted in a 

9% increase in strength.  While the Dramix Specimen S1-4 showed that adding steel ties with the 

steel fibers resulted in a 26% increase in strength.  However, the test results showed that spiral 

reinforcement was necessary to prevent sudden failure due to punching shear and tie 

reinforcement was necessary to prevent sudden failure due to excessive bursting tension.  Thus, 

it was not feasible to totally eliminate non-prestressed reinforcement.  Yet, consideration of 

Dramix Specimen S1-5 clearly showed that it was possible to greatly reduce the amount of non-

prestressed reinforcement when steel fiber reinforcement was added to the concrete.  The load 

capacity of Specimen S1-5 was over 1.59 times greater than the capacity of Specimen S1-1 with 

plain concrete and full spiral and tie reinforcement.  Comparing Specimen S1-5 and Specimen 

S1-13 clearly showed that adding steel fibers greatly improved the load capacity of the 

anchorage zone.  While both specimens had 50% less spirals and 40 % less ties than S1-1, the 

difference in the two specimens is that S1-5 had 0.5% steel fiber by volume and S1-13 had plain 

concrete (no steel fibers).  The use of the steel fibers resulted in a 37% increase in load capacity.   
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In addition to improving load capacity, the presence of steel fibers resulted in less surface crack 

development.  This can be a significant factor relating to durability of structural elements. 

The beneficial effects of adding steel fibers to the anchorage zone was also evident by comparing 

the different specimens cast with Helix fibers.  Although, the specimen that was cast with 0.5% 

Helix fiber and without any non-prestressed reinforcement (Specimen S1-6) did not have as great 

a load capacity as Specimen S1-1; the load capacity of Specimen S1-6 was 96% as great as the 

load capacity of Specimen S1-1.  This was so even though the concrete compressive and tensile 

strengths for Specimen S1-6 were significantly less than the concrete strengths  of Specimen S1-

1.  This showed that the addition of steel fibers did contribute to increased strength in the 

anchorage zone.  The Helix Specimen S1-7 indicated that adding steel spiral in the local 

anchorage zone resulted in a 13% increase in strength.  The Helix Specimen S1-8 showed that 

adding steel ties resulted in a 53% increase in strength.  Thus, the Helix fibers coupled with steel 

ties resulted in a very large increase in load capacity.  As was stated for the Dramix Specimen, 

the load test results showed that adding Helix steel fibers resulted in increased strength and an 

improved failure mechanism when steel spirals and ties were present.  Helix Specimen S1-9, 

which had 0.5% fiber, 50% steel spiral and 40% steel ties, was loaded to a 19% higher load 

capacity than Specimen S1-13, which had plain concrete, 50% steel spiral and 40% steel ties.    

The load capacity of Specimen S1-9 was over 1.38 times greater than the capacity of Specimen 

S1-1 with plain concrete and full spiral and tie reinforcement.  Thus, steel fibers did increase the 

strength and improve the behavior of local and general post-tensioned anchorage zones.   
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Using Novomesh steel and polypropylene fibers resulted in improved strengths in the anchorage 

zone also.  Specimen S1-10 was cast with steel fibers but without other steel reinforcement in the 

local and general anchorage zones.  The load test results showed that the load capacity of S1-10 

was 34% greater than that of S1-1 which had plain concrete and 100% steel spirals and 100% 

steel ties.  While Specimen S1-11, which had 0.5% fiber and spirals, had less load capacity that 

S1-10, the capacity of S1-11 was 12% greater than that of S1-1.  The reduced load capacity of 

S1-11 may have been due to a small degree of raking of the forms during pouring.  In spite of 

this, the Novomesh fibers contributed to an increase of load capacity.   The load capacity of 

Specimen S1-14 was greater than 1000 K, the capacity of the load frame.  The load application 

was stopped prematurely due to the close proximity of the applied load to the load frame 

capacity.   Novomesh Specimen S1-14, which had 0.5% fiber, 50% steel spiral and 40% steel 

ties, was loaded to a 36% higher load capacity than Specimen S1-13, which had plain concrete, 

50% steel spiral and 40% steel ties.  This Novomesh Specimen S1-14 performed similarly to the 

Dramix Specimen S1-5.  Possibly, the Helix Specimen S1-9 would have achieved a higher 

strength, similar to the strengths of S1-5 and S1-14, if the concrete strength for the Helix 

specimen was not reduced.   In summary, the load test results for the S1 Specimens showed that 

adding 0.5% steel fibers by volume to the concrete mix improved the load capacity of the 

anchorage zones to the degree that the spiral and tie reinforcement could be greatly reduced by 

50% and 40%, respectively.  The spiral and tie reinforcement should not be totally eliminated.  

5.13.2 Discussion of Dywidag Anchor Test Specimens Results 

For the greatest failure loads applied to the S2 Specimens which contained Dywidag anchors, the 

loads caused failure in the local and the general zones. In several specimens, deflection at the 
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anchors prevented the specimen from resisting additional loads.  Thus, the failure loads were 

closer to the limiting loads, Guaranteed Ultimate Strength, of the anchor systems.  Yet, the S2 

Specimen test results do indicate that steel fibers improve the tensile strength of the anchorage 

zones.  As was the case for the S1 Specimens, with 0.5% steel fibers in the concrete mix, the 

addition of steel spirals resulted in an increase in load capacity.   The addition of steel ties 

resulted in a greater strength increase than was found for the spirals.      

For S2 Specimens with 0.5% Dramix fibers, Specimen S2-2, which had no spirals or ties, had 

77% of the load capacity of the S2-1 Specimen which had plain concrete and 100% of steel 

spirals and 100% of steel ties based upon design recommendations.  Similarly, the specimens 

with 0.5% Helix fiber (Specimen S2-6) and 0.5% Novomesh fibers (Specimen S2-10) had 78% 

and 90% the load capacity of Specimen S2-1.  Thus, fibers in concrete contributes to a the 

specimens having a load capacity of 77% to 90% of the strength of the sections with steel spirals 

and ties with plain concrete.   The Dramix Specimens S2-3 and S2-4 showed that adding steel 

spirals and steel ties added 13% and 21%, respectively, to the strength of the sections.  Although 

Specimen S2-5 had less capacity than S2-1, the measured load capacity for S2-5 showed that the 

strength achieved by using 0.5% steel fibers by volume, 50% steel spirals and 40% steel ties was 

92% of the load capacity of Specimen S2-1 and 15% greater than the GUTS strength of the two 

PT anchors.  Thus, it was feasible to achieve more than adequate strength in the anchorage zone 

using 0.5% steel fiber and significant reductions in non-prestressed reinforcement.   

Considering the Helix Specimens S2-7 and S2-8 showed that adding steel spirals and steel ties 

with the 0.5% fiber resulted in a 22% and a 32%, increase in load capacity.  The presence of steel 
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ties contributed greater strength than the presence of steel spirals.  The measured load capacity 

for S2-9 showed that the strength achieved by using 0.5% steel fibers, 50% steel spirals and 40% 

steel ties was 104% of that of Specimen S2-1.  Thus, adding Helix steel fibers and reducing the 

non-prestressed reinforcement yielded a specimen 4% stronger than the plain concrete specimen 

with full spirals and ties.   The presence of steel fibers did improve the load carrying ability of 

the anchorage zone. 

Novomesh S2-11 did not show an increase in load capacity due to the addition of spirals; it 

showed a 13% decrease in load capacity.  However, the maximum applied load was 99% of the 

GUTS load for the specimen.  Since the maximum anticipated post-tensioning force is 80% of 

the GUTS load, the strength of the specimen was more than adequate.  In addition, it is not 

recommended that an anchorage zone be constructed without steel ties.  The load capacity of S2-

12 showed a 15% increase in capacity over S2-10 due to the addition of steel ties.  Specimen S2-

13 with 0.5% fibers, 50% steel spirals and 40% steel ties had 4% greater load capacity than did 

Specimen S2-1.  Since Specimens S2-8, S2-9, S2-12 and S2-13 all failed at approximately the 

same load, approximately 750 K, this seems to be the upper limit of the specimens ability to 

resist the general zone bursting tensile forces and the compression forces  in the local zone.  The 

upper limit on strength capacity for these four specimens was 4% greater than the strength 

capacity of specimen S2-1 and 30% greater than the GUTS for the two anchors.  Comparing 

Specimens S2-5, S2-9 and S2-13, to Specimen S2-14 which was cast with the same reinforcing 

configuration but plain concrete instead of fibers, showed that the addition of steel fibers resulted 

in strength increase of 3% to 17%.  From these tests, it is evident that adding fibers to the 

anchorage zones resulted in increased load capacities which were more than adequate for the 
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strength of the PT anchors even when the non-prestressed reinforcement was significantly 

reduced.  

5.13.3 PT Anchor Test Specimens Results Summary 

In summary, consideration of both S1 Specimens test results and S2 Specimens test results 

showed the following: 

1. Adding 0.5% steel fibers to the concrete mix without adding non-prestressed 

reinforcement in the local and general anchorage zones resulted in test specimens having load 

capacities that ranged from 77% to 134% of the load capacity of test specimens with plain 

concrete and 100% of the local zone reinforcement recommended by the anchorage manufacturer 

and 100% of the general zone reinforcement recommended by the approximate design method of 

the AASHTO code.  

2. Adding steel spirals along with the 0.5% steel fibers resulted in strength increases of up 

to 22%.   However, for two specimens cast with Novomesh fibers (S1-11 and S2-11) the addition 

of spiral did not result in increases in strength instead a 13% to 17% decrease in strength 

resulted.  

3. Adding steel ties along with the 0.5% steel fibers resulted in strength increases of up to 

32%. 

4. Even though the addition of 0.5% steel fibers did add up to 37% increase in  strength to 

test specimens,  steel spirals and steel ties are needed to prevent sudden failure due to punching 

shear at the anchors (in the local zone) and to prevent sudden failure due to bursting tension in 

the general zones.  
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5. With 0.5% fibers by volume, 50% of steel spirals (recommended by PT anchor 

manufacturers) and 40% of steel ties (based upon AASHTO design guidelines) , the load 

capacities of the anchorage zone test specimens were from 92% to 159% the load capacity of the 

plain specimens with the recommend local and general zone reinforcement.   Thus, the addition 

of steel fibers did increase the strength of the anchorage zone even with reductions in non-

prestressed reinforcing steel.    

6.  In addition, to improving the strength of the specimens, the addition of fibers (steel and steel 

and polypropylene fibers) resulted in smaller and few cracks developing on the surface of the test 

specimens.  Thus, the use of fibers in PT anchorage zones may contribute to improvements in the 

durability of structural elements.   
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CHAPTER 6 

COMPARISON OF NUMERICAL ANALYSIS AND 
EXPERIMENTAL RESULTS 

6.1 Numerical Modeling of Laboratory Specimens 

As stated in Chapter 4, the geometry of the block specimens used in laboratory testing was based 

on prior finite element analysis on a typical bridge segment to determine the magnitudes and 

distribution of the stresses in the anchor zone and on the AASHTO requirements for the general 

zone size.  After the completion of laboratory tests on anchor specimens, another round of finite 

element analysis was conducted to compare results from both methods.   

The finite element models used in the analysis comprise of  blocks as shown in Figure 6-1 with 

reinforcements similar those used in the actual laboratory specimens.  Steel as well as concrete 

with fiber reinforcement were modeled using different real constants for elements SOLID 45 and  

SOLID65, respectively.  The smeared method was used to distribute the fiber inside the concrete 

elements.  A more detailed description of the modeling process was presented in Chapter 4.  

The load application on all Finite element block was set to maximum as 800 kips. The loading 

steps started with a gradual increase in the load by dividing the maximum load to 20 load steps. 
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This would allow the analysis to continue until non-convergence solution was reached.  The 

same loading conditions and solution controls were followed for all the 27 models that simulate 

the tested specimen. After the second round of the finite element analysis was completed, the 

models were sliced and strain, stress and deflections measurements were recorded.  Comparisons 

between the laboratory testing results and the finite element analysis are shown in Figure 6-1 to 

Figure 6-3 and Tables 6-1 and 6-2.  

Figure  6-1:  Anchor Specimen and Finite Element Model 


