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EXECUTIVE SUMMARY 
 
In Test Method Tex-113-E, the Texas Department of Transportation (TxDOT) employs an 
impact hammer method of sample compaction for laboratory preparation of road base materials 
for testing.  Although the historical Tex-113-E required a certain amount of compaction energy, 
no method to validate attainment of that energy existed until TxDOT Project 0-5135 developed 
the Soil Compactor Analyzer (SCA).  The SCA measures the kinetic energy applied by each 
drop of the impact hammer.  In this implementation project, the research team modified the SCA 
to not only measure the compaction energy, but also to control the automatic tamper and stop the 
machine upon attainment of the prescribed energy per lift.  Fifteen SCA units with machine 
control capability were delivered to TxDOT in this implementation project.  Additionally, the 12 
SCA units delivered to TxDOT in prior Project 0-5135 were retrofitted with machine control 
capability in this implementation project, yielding 27 SCA systems in TxDOT with machine 
control capability.   
 
As TxDOT prepared to officially implement the SCA into Test Method Tex-113-E, the 
researchers also investigated the influence of changing machine operational parameters on test 
results while using the SCA to maintain the prescribed amount of energy per lift.  Machine 
operational parameters include the hammer weight, drop height, and number of drops per lift.  
Varying the hammer weight and drop height will result in different energies per drop, which 
results in a different number of drops per lift to attain the prescribed energy.  In this project, 
parameters were varied to perform test series with average energies per drop between 
approximately 12.5 and 16.7 ft-lbf, which resulted in a range of 45 to 60 drops per lift.  Tests 
investigated included the moisture-density relationship; the dielectric constant and seismic 
modulus, both at the time of molding and after Tex-117-E Part II conditioning; the unconfined 
compressive strength (UCS) per Tex-117-E Part II; and the moisture content after compressive 
strength testing.  The results showed that while using the current TxDOT-approved SCA to 
control total energy per lift between 740 and 765 ft-lbf, the number of blows per lift may vary 
between 45 and 60 with no impact on test results.   
 
As a final stage in this project, an interlaboratory study was conducted to develop precision 
statistics for Tex-113-E compaction.  This study showed that the SCA enables excellent 
precision of total compaction energy.  Total compaction energy should be repeatable and 
reproducible within about 27 ft-lbf, or approximately 1 percent of the specification value.  
Compacted dry density should be repeatable within about 2.5 pounds per cubic foot (pcf) and 
reproducible within about 3.3 pcf. 
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CHAPTER 1. EVALUATION OF IMPACT HAMMER ADJUSTMENTS ON 
MEASURED MATERIAL PROPERTIES 

 
INTRODUCTION 
 
With TxDOT’s recent inclusion of the SCA in Tex-113-E, labs can now control and obtain the 
required amount of total energy applied to each lift during compaction of flexible base test 
specimens.  The current Tex 113-E requires 750 ft-lbf per lift to be reached within 50 ± 5 blows 
of a 10 ± 0.02 lb hammer.  To investigate these tolerances, researchers at the Texas 
Transportation Institute (TTI) employed a Grade 2 flexible base and systematically varied the 
automatic tamper’s drop height and weight to yield blows per lift during sample fabrication 
ranging from 45 to 60 while still maintaining a total energy per lift of approximately 750 ft-lbf.  
Test series with three different target numbers of blows per lift were conducted.  The results 
showed that while using the current TxDOT-approved SCA to control total energy per lift 
between 740 and 765 ft-lbf, the number of blows per lift may vary between 45 and 60 with no 
impact on test results.  Tests investigated included the moisture-density relationship from Tex-
113-E; the dielectric constant and seismic modulus, both at the time of molding and after Tex-
117-E Part II conditioning; the UCS per Tex-117-E Part II; and the moisture content after 
compressive strength testing.   
 
Kinetic energy during compaction with the automatic tamper used in Tex-113-E is most 
effectively increased by obtaining increases in the impact velocity.  With the tampers used in 
TxDOT, this is best accomplished through decreasing friction losses as much as possible and 
increasing the drop height.  If additional adjustment is necessary to obtain the prescribed total 
energy per lift within 45 and 60 blows, adding weight to the hammer is the next step to take.  
 
SUMMARY OF EXPERIMENT 
 
Table 1.1 presents the experiment used to investigate energy tolerances and drop height 
adjustments.  In essence, the experiment was designed to use varying hammer drop heights and 
hammer weights to obtain the different target energies per blow.  These different energies per 
blow in turn result in the different levels of target number of blows per lift while maintaining the 
total sample compaction energy requirement of 750 ft-lbf per lift. 
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Table 1.1. Experimental Design to Investigate Impact of Number of Drops 
per Lift on Test Results. 

Target 
Average 
Impact 
Energy per 
Blow (ft-lbf) 

Target 
Number of 
Drops per 
Lift 

Tests Performed in Triplicate for Each Target Level 

12.5 60 • Tex-113-E moisture-density relationship. 
• Compressive strength at 0 psi lateral pressure  

(Tex-117-E Part II). 
• Dielectric constant at molding and immediately before 

breaking. 
• Seismic modulus at molding and immediately before 

breaking. 
• Moisture content after breaking. 

15.0 50 

16.7 45 

 
MATERIAL USED IN TESTING 
 
For these tests, researchers used a Grade 2 base from the Vulcan Groesbeck pit.  Appendix A 
presents the TxDOT test report from the material used. 
 
PRESENTATION OF RESULTS 
 
Appendix B presents the results from the specimens tested.  In summary, the results revealed that 
when the target compaction energy was controlled by the current TxDOT-approved SCA and 
achieved within 45 to 60 drops per lift: 
 

• No statistical difference existed in the maximum dry density or optimum water content. 
• No statistical difference existed in the dielectric constant at time of molding or after 

Tex 117-E Part II conditioning. 
• No statistical difference existed in the seismic modulus at the time of molding or after 

Tex 117-E Part II conditioning.  
• No statistical difference existed in the unconfined compressive strength after Tex-117-E 

Part II conditioning. 
• The moisture content after breaking was less with specimens compacted at average 

energies of 16.7 ft-lbf per drop (i.e., samples only requiring 45 blows to reach the target 
energy per lift).  Although statistically significant, in terms of performance this difference 
is insignificant since the mean strengths did not differ among the treatments. 

SUMMARY OF MACHINE PARAMETERS USED 
 
Table 1.2 summarizes the machine parameters and average effort applied for each treatment.  
The research team tested a total of 45 specimens (15 for each treatment).  The desired range of 
blows per lift and average energy per blow were obtained while maintaining efforts within the 
range implied in TxDOT’s allowable tolerances on sample height.  The average drop height of 
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18.6 inches when targeting 16.7 ft-lbf per blow was obtained by maximizing the distance 
between the engager and the releaser body on the automatic tamper (i.e., with this particular 
tamper, that drop height was the maximum drop height attainable).   
 

Table 1.2. Summary of Machine Parameters for Treatments Investigated. 

 
 
RESULTS FROM MOISTURE DENSITY RELATIONSHIP 
 
Figures 1.1–1.3 illustrate the moisture-density relationships measured in triplicate for the three 
target energies per blow.  Table 1.2 showed these target energies per blow were 12.5, 15, and 
16.7 ft-lbf while maintaining total compaction energy of 750 ft-lbf per lift.  Since each moisture-
density curve requires 4 samples, a total of 36 samples were required to generate these data.  
Appendix B presents the entirety of each sample’s results in the column labeled “113-E 
Moisture-Density Samples.”   

 

 
Figure 1.1. Triplicate Moisture-Density Curves for Samples Molded at Energies per Blow 

of 12.5 ft-lbf and Total Energy per Lift of 750 ft-lbf. 
Left to right: Replicate 1, 2, and 3 
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Figure 1.2. Triplicate Moisture-Density Curves for Samples Molded at Energies per Blow 

of 15 ft-lbf and Total Energy per Lift of 750 ft-lbf. 
Left to right: Replicate 1, 2, and 3 

 

 
Figure 1.3. Triplicate Moisture-Density Curves for Samples Molded at Energies per Blow 

of 16.7 ft-lbf and Total Energy per Lift of 750 ft-lbf. 
Left to right: Replicate 1, 2, and 3 

 
Each replicate in Figures 1.1–1.3 generated optimum moisture content (OMC) and maximum dry 
density output using TxDOT’s approved Tex-113-E spreadsheet.  Table 1.3 summarizes these 
OMC and maximum dry density results from each replicate. The data suggest, and statistical 
tests confirm, that no significant difference in the average maximum dry density or optimum 
water content existed among the treatments.  So long as the SCA was used to control the 
compaction energy at 750 ft-lbf per lift, the optimum moisture and max density were statistically 
equivalent regardless of whether the average energy per blow was 12.5, 15, or 16.7 ft-lbf.   
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Table 1.3. Tex-113-E Moisture-Density Results with Varying Energies per Blow. 

 
 
RESULTS FROM DIELECTRIC, MODULUS, AND STRENGTH TESTS 
 
To evaluate the potential impact of the different energy treatments on the dielectric, modulus, 
and strength tests, specimens were made at each treatment level while targeting the appropriate 
average maximum density and optimum water content from Table 1.3.  The dielectric and 
modulus tests were performed on the same specimens used for strength testing.  Table 1.4 
presents the machine parameters from these tests; the results are the average of three replicates 
per target energy level.  Appendix B presents the entirety of each sample’s results in the column 
labeled “Test Samples at 113-E Optimum.”   
 

Table 1.4. Machine Parameters for Dielectric, Modulus, and Strength Specimens. 

 
 
Figure 1.4 illustrates, and statistical tests confirm, that no difference in mean sample dry density 
or compaction effort existed among the specimens compacted at the different energies per blow 
for the dielectric, modulus, and strength testing experiments.  This is important since varying 
efforts could potentially impact density, which in turn could impact modulus and strength.   
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Figure 1.4. No Difference in Dry Density or Effort Observed  

among Samples from Different Energies per Blow. 
Note: Each result is the average of three specimens. No significant difference 

 exists among means. 
 
Figures 1.5 through 1.8 illustrate that no statistically significant differences existed among the 
means for dielectric, seismic modulus, or compressive strength at 0 psi lateral pressure per 
Tex-17-E Part II.  Figure 1.8 presents the moisture content results after breaking, which showed 
specimens prepared with 45 blows per lift had average water content 0.2 percentage points lower 
than the other treatments.  This observation was deemed unimportant from a performance 
standpoint, since no differences in modulus or strength were observed.  
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Figure 1.5. Summary of Results from Dielectric Testing. 

Note: Each result is the average of three specimens. No significant difference exists among 
means. 

 

 
Figure 1.6. Summary of Results from Modulus Testing. 

Note: Each result is the average of three specimens. No significant difference exists among 
means. 
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Figure 1.7. Summary of Results from Unconfined Strength Testing after Tex-117-E Part II. 

Note: Each result is the average of three specimens. No significant difference exists among 
means. 

 
Figure 1.8. Summary of Moisture Contents after Strength Testing.  

Note: Each result is the average of three specimens. Mean water content after conditioning from 
specimens with 45 blows per lift was lower than other treatments. 

 
CONCLUSIONS 
 
The data show the range of blows per lift in Tex-113-E can vary from at least 45 to 60 as long as 
the total energy per lift is controlled by the SCA to average approximately 750 ft-lbf.  In the 
experiment conducted to determine this finding, the total energy per lift was always between 740 
and 765 ft-lbf.  When achieving this energy per lift with no less than 45 and no more than 60 
blows, no differences in important test results, such as maximum dry density, optimum water 
content, dielectric constant, seismic modulus, or unconfined compressive strength, existed.    
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CHAPTER 2. PRECISION OF TEX-113-E COMPACTION 
WITH THE SCA 

 
SUMMARY 
 
With the implementation of the SCA into Test Method Tex-113-E, TxDOT desired to determine 
if the precision of the test method improved.  To facilitate answering this question, an 
interlaboratory study was conducted to develop precision statistics for both the applied total 
compaction energy and effort, and for important measured sample properties including moisture 
content and specimen dry density.  The end of this chapter presents precision statements for each 
of these parameters.  The results show excellent precision of total compaction energy when the 
SCA is used to control the compactor.  Total compaction energy should be repeatable and 
reproducible within 30 ft-lbf, or approximately 1 percent of the specification value.  Compacted 
dry density should be repeatable within 2 to 3 pounds per cubic foot and reproducible within 
3 to 4 pcf. 
 
METHOD FOR INTERLABORATORY STUDY 
 
To develop precision statistics for Tex-113-E compaction, TTI researchers followed American 
Society for Testing and Materials (ASTM) E691-09.  With the help of TxDOT, the participation 
of six laboratories was obtained.  Next, three materials were selected for use in the experiment.  
These are the minimum participatory and testing requirements for conducting an interlaboratory 
study (ILS) per E691-09.   
 
To gather the necessary data, the research team recombined samples from each of the materials 
and delivered three samples of each material to each participating lab.  The laboratories then: 
 

• Molded the samples at the provided optimum moisture content. 
• Dried the samples and determined sample compacted dry density. 
• Reported the compaction energy and density results to TTI. 

MATERIALS USED IN ILS 
 
In conjunction with the TxDOT project director, two limestones and one sandstone base were 
selected for use in the interlaboratory study.  Table 2.1 summarizes the key properties of the 
materials reconstituted for distribution to the participating laboratories. 
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Table 2.1. Summary of Materials Used in Interlaboratory Study. 
  Groesbeck Spicewood Oklahoma 

D
ry

 S
cr

ee
n 

 
G

ra
da

tio
n 

C
um

ul
at

iv
e 

Pe
rc

en
t R

et
ai

ne
d 1 3/4 2.5 0.0 0.0 

1 1/4 14.7 4.7 1.0 
7/8 29.2 15.9 11.6 
5/8 41.0 26.9 28.9 
3/8 54.7 42.1 44.1 
#4 66.8 59.3 61.5 
#40 89.3 95.3 81.5 

Plasticity Index 2* 7 6 
Wet Ball Mill Value 40 24 36 
Percent Soil Binder Increase 16 6 10 
Molding Moisture (Tex-113-E Optimum) 6.9 5.4 7.6 

*Calculated from linear shrinkage. 
 
RESULTS FROM INTERLABORATORY STUDY 
 
Appendix C presents reported data by testing laboratory.  The following sections present the 
worksheets and consistency evaluation for the parameters evaluated.  These parameters included: 
 

• Total compaction energy. 
• Total compaction effort. 
• Sample dry density.   

In this ILS, with the number of labs and number of replicates, the critical value of the between-
lab consistency statistic h was 1.92, and the critical value of the within-lab consistency statistic k 
was 1.98.  Data generating consistency statistics exceeding these values were investigated for 
possible sources of error. 

Calculation and Display of Statistics—Total Compaction Energy 

Tables 2.2–2.4 present each lab’s data and the ILS worksheet for the measured total compaction 
energy.  Figures 2.1 and 2.2 present the between-lab consistency statistic, h, and the within-lab 
consistency statistic, k, for these data.  No problematic patterns were observed in the consistency 
statistics, and no consistency statistic exceeded the critical value.    
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Table 2.2. ILS Worksheet for Total Compaction Energy (ft-lbf)—Groesbeck. 

 
 

Table 2.3. ILS Worksheet for Total Compaction Energy (ft-lbf)—Spicewood. 
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Table 2.4. ILS Worksheet for Total Compaction Energy (ft-lbf)—Oklahoma. 

 
 

 
Figure 2.1. Between-Lab Consistency Statistics for Total Compaction Energy. 
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Figure 2.2. Within-Lab Consistency Statistics for Total Compaction Energy. 

Calculation and Display of Statistics—Total Compaction Effort 

Tables 2.5–2.7 present each lab’s data and the ILS worksheet for the measured total compaction 
effort.  Figures 2.3 and 2.4 present the between-lab consistency statistic, h, and the within-lab 
consistency statistic, k, for these data.  No problematic patterns were observed in the consistency 
statistics, and no consistency statistic exceeded the critical value.      
 

Table 2.5. ILS Worksheet for Total Compaction Effort (ft-lbf/in3)—Groesbeck. 
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Table 2.6. ILS Worksheet for Total Compaction Effort (ft-lbf/in3)—Spicewood. 

 
 

Table 2.7. ILS Worksheet for Total Compaction Effort (ft-lbf/in3)—Oklahoma. 
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Figure 2.3. Between-Lab Consistency Statistics for Total Compaction Effort. 

 

 
Figure 2.4. Within-Lab Consistency Statistics for Total Compaction Effort. 
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Calculation and Display of Statistics—Sample Dry Density 

Tables 2.8–2.10 present each lab’s data and the ILS worksheet for molded sample dry density.  
Figures 2.5 and 2.6 present the between-lab consistency statistic, h, and the within-lab 
consistency statistic, k, for these data.  While no problematic patterns were observed in the 
consistency statistics, the k within-lab consistency statistic for lab 6 exceeded the critical value.  
The data were examined, and no procedural or tabulation errors were discovered, so the data 
were retained for use in the tabulation of the precision statistics.    
 

Table 2.8. ILS Worksheet for Dry Density (pcf)—Groesbeck. 

 
 

Table 2.9. ILS Worksheet for Dry Density (pcf)—Spicewood. 
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Table 2.10. ILS Worksheet for Dry Density (pcf)—Oklahoma. 

 
 

 
Figure 2.5. Between-Lab Consistency Statistics for Dry Density. 
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Figure 2.6. Within-Lab Consistency Statistics for Dry Density. 

 
PRESENTATION OF PRECISION STATISTICS 
 
Based upon the ILS worksheets in Tables 2.2–2.10, the precision statistics for total compaction 
energy, total compaction effort, and sample dry density are presented in Tables 2.11 through 
2.13.  The results suggest: 
 

• Total compaction energy applied in Tex-113-E with the SCA exhibits excellent precision.  
The specification total compaction energy is 3000 ft-lbf.  Both the repeatability and 
reproducibility limit are around 30 ft-lbf, or about 1 percent of the specification value. 

• Total compaction effort exhibits good precision, with repeatability and reproducibility 
limits typically between 0.3 and 0.5 ft-lbf/in3, or approximately 5 percent of the 
specification value. 

• Density should be repeatable within 2 to 3 pcf and reproducible within 3 to 4 pcf. 

Table 2.11. Precision Statistics for Total Compaction Energy (ft-lbf) in Tex-113-E. 
Material X bar Sxbar Sr SR r R 

Groesbeck 3024.8 6.30 10.39 10.57 29.10 29.58 
Spicewood 3024.5 5.04 8.98 8.89 25.14 25.14 
Oklahoma 3026.6 6.12 9.28 9.74 25.98 27.23 
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Table 2.12. Precision Statistics for Total Compaction Effort (ft-lbf/in3) in Tex-113-E. 
Material X bar Sxbar Sr SR r R 

Groesbeck 13.20 0.125 0.107 0.153 0.299 0.427 
Spicewood 13.53 0.129 0.130 0.167 0.364 0.468 
Oklahoma 13.38 0.223 0.154 0.256 0.431 0.716 

 
Table 2.13. Precision Statistics for Sample Dry Density (pcf) after Tex-117-E Part II. 

Material X bar Sxbar Sr SR r R 
Groesbeck 135.9 0.65 1.00 1.04 2.79 2.91 
Spicewood 148.6 1.30 0.64 1.40 1.80 3.93 
Oklahoma 136.1 0.68 0.96 1.04 2.68 2.90 
 
While ASTM E 691 does not call for pooling data from different materials to determine globally-
applicable precision estimates, for purposes of provided a single numeric precision estimate to 
TxDOT the research team determined the pooled repeatibility and reproducibilty standard 
deviations.  These pooled standard deviations allow for estimating a single repeatiblity and 
reproducibility limit as Table 2.14 presents.  
 

Table 2.14. Precision Estimates from Pooled Data. 
 Energy (ft-lbf) Effort (ft-lbf/in3) Dry Density (pcf) 
Repeatability Limit 26.80 0.368 2.46 
Reproducibility Limit 27.32 0.552 3.29 
 
CONCLUSIONS  
 
The SCA addresses equipment variability during the sample fabrication process, and this 
interlaboratory study demonstrated that the SCA provides excellent precision in the application 
of compaction energy during that process.  With the implementation of the SCA, TxDOT should 
generally expect the total compaction energy among samples to differ by no more than  
27 ft-lbf.  Additionally, the compacted dry density of samples constructed with Tex-113-E 
compaction should generally be repeatable within about 2.5 pcf and reproducible within about 
3.3 pcf.    
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CHAPTER 3. CONCLUSIONS AND RECOMMENDATIONS 
 
CONCLUSIONS AND RECOMMENDATIONS ON MACHINE OPERATIONAL 
TOLERANCES 
 
Many factors in the stages of sample fabrication, conditioning, and testing can impact the 
precision of strength results in Tex-117-E Part II.  Since this test method is a specification 
requirement in Item 247, achieving the most homogenous compaction is in the best interest of 
producers, contractors, and the state.  This project focused on homogenizing the application of 
compaction energy during the sample fabrication process.  The impact of varying hammer 
weights and drop heights, while the Soil Compactor Analyzer controlled compaction to apply 
between 740 to 760 ft-lbf total energy per lift, was evaluated with a particular focus on: 
 

• Moisture-density relationship. 
• Molded specimen dry density when molded at Tex-113-E optimum. 
• Specimen dielectric constant immediately after molding and after Tex-117-E Part II 

conditioning. 
• Seismic modulus immediately after molding and after Tex-117-E Part II conditioning. 
• Unconfined compressive strength after Tex-117-E Part II. 
• Percent moisture after Tex-117-E Part II.    

The results showed that while using the current TxDOT-approved SCA to control total energy 
per lift between 740 and 765 ft-lbf, the number of blows per lift may vary between 45 and 60 
with no impact on important test results.  TxDOT should require the prescribed amount of energy 
to be obtained within this number of blows per lift.   
 
CONCLUSIONS AND RECOMMENDATIONS FROM INTERLABORATORY STUDY 
 
As a final stage in this project, an interlaboratory study was conducted to develop precision 
statistics for total compaction energy, total compaction effort, and specimen dry density when 
molded at Tex-113-E optimum.  These results showed that the SCA enables excellent precision 
of total compaction energy and good precision of total compaction effort.  TxDOT should 
generally expect the total compaction energy among samples constructed with Tex-113-E to 
differ by no more than 27 ft-lbf and incorporate that precision information into the test 
procedure.   
 
The dry density of replicate samples constructed at optimum water content within a single lab 
should generally not vary by more than 2 to 3 pcf, with 2.5 pcf representing the pooled 
repeatability limit.  The dry density of replicate samples compacted at different labs should 
generally not vary by more than 3 to 4 pcf, with 3.3 pcf representing the pooled reproducibility 
limit.  The precision statement for dry density should be added to the Tex-113-E test procedure.        
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APPENDIX A: TEST REPORT FROM FLEX BASE USED IN IMPACT 
HAMMER ADJUSTMENTS 
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APPENDIX B: RESULTS FROM SPECIMENS TESTED FOR IMPACT 
HAMMER ADJUSTMENTS 
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APPENDIX C: INDIVIDUAL LAB RESULTS FROM ILS 
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Table C.1. ILS Results from Laboratory 1. 



 

52 

Table C.2. ILS Results from Laboratory 2. 
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Table C.3. ILS Results from Laboratory 3. 
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Table C.4. ILS Results from Laboratory 4. 
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Table C.5. ILS Results from Laboratory 5. 
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Table C.6. ILS Results from Laboratory 6. 
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