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• Percent of Truck: computed the percentage of trucks by taking a ratio of the summation 

of vehicle counts corresponding to Class 4 through 13 to the total number of vehicles 

counted. 

• Average Daily Truck Traffic (ADTT): computed by multiplying ADT to the percent of 

truck. 

• Average Vehicle Speed: averaged vehicle speeds collected for two days. 

 

 
Figure 8-1. An Example of Raw Traffic Data Collected on US 59 (Atlanta District).
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As noted, there are 13 vehicle classes identified in accordance with the Federal Highway 

Administration (FHWA) classifications shown in Figure 8-2 (FHWA, 2001).    

 

 
Figure 8-2. FHWA Vehicle Classifications. 

 
With respect to computing the percentage of trucks, researchers considered Class 4 to 13 as 

heavy traffic in accordance with the Mechanistic-Empirical Pavement Design Guide (M-E PDG) 

software.  For an example, Figure 8-3 shows the distributions of vehicle classification of US 59, 

and Table 8-1 presents the processed key traffic data. 
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Figure 8-3. Vehicle Class Distribution of US 59 (Atlanta District). 

 
Table 8-1. Summary of Traffic Data Analysis for US 59 (Atlanta) 

Section Lane ADT % Truck ADTT Avg. Speed 
(mph) 

US 59 
Outside SB 3710.5 40.4 1500.5 72.6 
Inside SB 1116.5 23.6 264.0 75.1 

 

SUMMARY 
This chapter presented and discussed the traffic data analysis plans including the method 

used and format in which it was collected. The analysis procedure was then described along with 

the reporting format. A demonstration example was also presented for US 59 in Atlanta District. 
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CHAPTER 9: ENVIRONMENTAL AND CLIMATIC DATA ANALYSIS 
 

Climatic data is one of the core inputs in calibrating pavement performances based on the 

mechanistic-empirical (M-E) pavement design. This is because pavement materials are 

susceptible to the change with changes in climatic and environmental factors such as 

temperature, moisture, and humidity, which is directly associated with pavement response.  The 

research team made an effort to collect and analyze climatic and environmental data using 

available web resources.  This chapter documents the analyzed climatic data along with 

discussions on several issues that have been identified up to this point. 

 

CLIMATIC DATA GENERATION 
Researchers generated climatic data file using the M-EPDG program so that the 

generated file will be readily used for the Texas M-E program, which is being developed in 

Study 0-6622 (Zhou 2011).  Note that the Texas M-E is also incorporating the weather station 

data available in the M-EPDG.  The following steps were taken to generate the climatic files: 

• Identify latitude and longitude coordination of the test section. 

• Input of the coordination into the M-E PDG program and conduct interpolation to 

generate climatic input files like the one shown in Figure 9-1. 

• Generate the climatic file and save it as ‘Road ID.icm.’  Run the M-E PDG using the 

generated climatic file to produce ‘MonthlyClimateSummary.csv’ file to check if there 

are abnormal values to be corrected.  For the quality check, the most recent version of 

climatic data is also extracted from the web browser http://www7.ncdc.noaa.gov in order 

to compare with the processed climatic data using M-E PDG if the corresponding 

weather station data from the resource is available.    
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Figure 9-1. M-E PDG Climatic Data Generation Screen. 

 

Using the MonthlyClimateSummary.csv file, researchers generated a summary table 

along with two charts showing the monthly variation of air temperature and precipitation for the 

purpose of establishing a database.  Researchers will upload the ‘*.icm’ file of each section into 

the database system for future flexible pavement performance calibration using the Texas M-E 

program.  Figures 9-2 to 9-4 show an example of the processed climatic data forUS 59 in Atlanta 

District. 
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Figure 9-2. Air Temperature Monthly Variation Using M-E PDG Weather Station Data. 

 

 

Figure 9-3. Precipitation Monthly Variation Using M-E PDG Weather Station Data. 
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Figure 9-4. Comparison of Monthly Air Temperature Variation between M-E PDG and 

NCDC Weather Station Data. 
 

GROUNDWATER TABLE DATA 
Researchers collected groundwater table data from the web browser 

http://nwis.waterdata.usgs.gov.tx.nwis/gwlevels.  From this search, they come to recognize the 

limitation of the available data, corresponding to the test section.  The search was initially 

conducted by county level. Later, the researchers selected the closest location to the test section 

in terms of latitude and longitudinal coordinates for providing the groundwater table depth.  To 

determine the distance between the well location and the test section based on latitude-longitude 

coordinates, the coordinates were first converted from degrees to radians using the following 

equations (Oh and Fernando, 2008): 
1

1

tan (1)Latitude(rad) Latitude( )
45

tan (1)Longitude(rad) Longitude( )
45

−

−

= °

= °
 (Equation 9-1) 

Then, if X1 and Y1 are the longitude and latitude, respectively, of a test section in radians, 

and X2 and Y2 are the corresponding coordinates for a given well location, the Great Circle 
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Distance Formula given by Equation 10.2 can be used to calculate the distance in miles between 

two pairs of latitude/longitude values specified in radians: 

( ){ }-1
1 2 1 2 1 2D = 3949.99cos sinY sinY +cosY cosY cos X  - X   (Equation 9-2) 

 

If the county-level data corresponding to the test section is not available, the adjacent 

counties were investigated to identify alternative locations.  Table 9-1 presents an example of the 

groundwater table depth data.  From the table, the highlighted locations are deemed to be 

representative due to its geographical vicinity to the test section for providing groundwater table 

depth data. 

 

Table 9-1. Groundwater Table Depth Data. 

Section Section 
Location 

County of 
Well 

Well Location Distance 
(mile) 

G.W.T. 
(ft) 

Years 
Collected 

US 59 
(Panola 
County) 

 

Lat 
32°12′14″ 

Long 
94°20′33″ 

 

Panola Lat 32°01′28″ 
Long 94°15′12″ 13.4 44.8 Sept. 2004 

Panola Lat 32°03′54″ 
Long 94°31′03″  14.0 126.35 Sept. 2004 

Panola Lat 32°12′14″ 
Long 94°21′30″ 0.9 51.6 Sept. 2004 

Panola Lat 32°17′22″ 
Long 94°28′52″  10.0 42.9 Sept. 2004 

 

SUMMARY 
This chapter discussed the environmental and climatic data analysis plans. The plans also 

incorporated the climatic data generation methods, data analysis methods, and data reporting 

format. 



 

 



 

10-1 
 

CHAPTER 10: SUMMARY AND RECOMMENDATIONS 
 

The primary goal of this five-year project is to collect materials and pavement 

performance data on a minimum of 100 highway test sections around the State of Texas.  

Therefore, the specific objective of this interim report, named here as Product 0-6658-P3, was to 

outline the following data analysis plans for each data item to be collected: 

• Laboratory testing (asphalt-binders, HMA mixes, bases, and subgrade soils). 

• Field performance testing (cracking, rutting, profiles, FWD, DCP, PSPA, etc). 

• Forensic evaluation (GPR and coring). 

• Traffic data. 

• Environmental and climatic data. 

While it should be noted that these data analysis plans are subject to change or 

modification in the course of the study, the following key aspects were nonetheless presented 

and discussed in this interim report for each data type: 

• The tools and test methods used to collect the data. 

• The type and format of the data measured and collected. 

• The raw data reduction process  

• The analytical methods, techniques, models, and software used to analyze the data. 

• The dimensional and/or quantitative units of each parameter. 

• The data reporting format including how the data will be accessed and displayed from the 

MS Access Data Storage System (i.e., tables, graphs, bar charts, etc.). 

Key challenges that still need to be addressed are: 1) the MR and PD tests for bases and 

subgrade soils, and 2) traffic data collection and analysis method. At the time of this report, 

consensus agreement had not been reached on the MR and PD test parameters as well the data 

analysis methods and number of replicate samples. Liaison and consensus agreement on the 

traffic data collection and analysis method must also be addressed.
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Table A-3. AASHTO MP 19 PG Grading Specification for Asphalt-Binders. 
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Table A-3. AASHTO MP 19 PG Grading Specification for Asphalt-Binders (Continued). 
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Table A-2. AASHTO MP 19 PG Grading Specification for Asphalt-Binders (Continued). 
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Figure B-1. Asphalt Extraction Results (Tex-210-F). 
 

 
 

Figure B-2. Dynamic Modulus Test Results (|E*| @ 77°F, 10 Hz (ksi)).  
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Figure B-3. Dynamic Modulus Test Results (|E*| @ 130°F, 5 Hz (ksi)). 
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Sample# 1 Sample# 2 Sample# 3

(C) (F)

-10 14 25 4,657 5,366 4,930 4,984 7.17%
-10 14 10 4,527 5,095 4,763 4,795 5.95%
-10 14 5 4,271 4,867 4,549 4,562 6.53%
-10 14 1 3,847 4,354 4,034 4,078 6.29%
-10 14 0.5 3,626 4,053 3,785 3,821 5.65%
-10 14 0.1 3,071 3,352 3,095 3,173 4.91%
4.4 40 25 2,947 3,449 3,517 3,304 9.43%
4.4 40 10 2,770 3,183 3,177 3,044 7.77%
4.4 40 5 2,575 2,891 2,906 2,791 6.71%
4.4 40 1 2,081 2,340 2,383 2,268 7.22%
4.4 40 0.5 1,864 2,121 2,159 2,048 7.85%
4.4 40 0.1 1,426 1,572 1,601 1,533 6.10%

21.1 70 25 1,227 1,384 1,346 1,319 6.18%
21.1 70 10 985 1,042 1,076 1,034 4.46%
21.1 70 5 821 873 898 864 4.53%
21.1 70 1 485 505 537 509 5.16%
21.1 70 0.5 355 375 396 375 5.41%
21.1 70 0.1 177 188 199 188 5.95%
37.8 100 25 417 351 357 375 9.87%
37.8 100 10 265 212 215 231 12.93%
37.8 100 5 177 140 142 153 13.74%
37.8 100 1 75 59 59 65 14.52%
37.8 100 0.5 54 44 44 47 12.06%
37.8 100 0.1 29 25 24 26 9.65%
54.4 130 25 140 107 139 129 14.31%
54.4 130 10 74 60 75 70 12.35%
54.4 130 5 48 40 49 46 11.04%
54.4 130 1 21 17 23 20 13.98%
54.4 130 0.5 18 16 20 18 12.18%
54.4 130 0.1 12 11 15 13 15.23%

COVAvgTEMP.  & LOADING FREQ.
Temperature Freq. (Hz)

|E*| ksi

 
Figure B-4. Dynamic Modulus Test Results. 
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Figure B-4. Indirect Tensile Test Results (Atlanta District). 
 
 

Overlay Tester for HMA Fracture Properties: A and n  

Figure B-5 shows the key parts of the OT; it consists of two steel plates, one fixed, and the other 
that moves horizontally to simulate the opening and closing of joints or cracks in the old 
pavements beneath HMA overlays.  The OT specimen is glued to the two steel plates, with half 
of its length resting on each plate. Generally, the OT is run in an opening displacement-
controlled cyclic mode at a predefined loading rate.  The key components and features of this 
procedure are described below.  

 
Figure B-5. The OT Concept. 

OT Specimen  

One important feature of the OT for fracture properties (A and n) is the specimen size:  6-inch 
(150 mm) long by 3-inch (75 mm) wide by 1.5-inch (38 mm) high.  This size of specimen can be 
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easily cut from a sample that the SGC prepared or from a field core.  Figure B-6 shows the OT 
specimen preparation sequence for an SGC molded specimen.  

 

(a) Original specimen (b) Specimen after cutting (c) Final test specimen 

Figure B-6. OT Specimen Preparation from SGC Molded Sample. 

Enhanced OT Test Procedure for Fracture Properties (A and n)  

Over the past several years, the regular OT test (Tex-248-F) was used for determining HMA 
fracture properties. Two problems have been identified with the regular OT test for HMA 
fracture properties. One is the unknown specimen modulus that is critical to determine the 
fracture parameter A value; the other is that the opening displacement of 0.025 inch (0.64 mm) 
under regular OT test is too big for many Texas limestone mixes, resulting in a very low number 
of cycles to failure for the regular OT test that are not enough for fracture properties 
determination.  After recognizing these two problems, an enhanced, two-step OT test procedure 
was proposed and is presented next. It is worth noting that the previously published 0-5798-P1: 
Laboratory and Field Procedures Used to Characterize Materials does not contain the latest 
development on determining fracture properties (A and n). The following steps should be 
followed instead of the previous ones documented in the 0-5798-P1.  

• Step 1, OT-E test:   

First, to perform the OT-E test using the OT machine, the regular OT machine needs to be 
enhanced with three additional apparatus: 1) sample end plates and glue gig, 2) connecting 
plates, and 3) external LVDTs. Figure B-7 shows the sample end plates, glue gig, and glued 
specimen within the glue gig.  Figure B-8 illustrates the connecting plates and associated 
assembling steps.  Figure B-9 displays the external LVDTs and overview of the specimen with 
mounted LVDTs.  Note that the gauge length of the LVDTs is 3.5 inches (88 mm).  
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Figure B-7. Sample End Plates and Glue Jig. 
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Figure B-8. OT Connecting Plates. 
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Figure B-9. External LVDTs and Overview of the LVDT Mounted Specimen. 

Second, the main purpose of the OT-E test here is not to develop the E master curve, but rather 
to determine the E value for later SIF calculation. Thus, the proposed OT-E test is to be 
conducted at the same test temperature and frequency in a displacement controlled tension mode 
as those used for the standard OT test.  For example, if the OT is run at 77°F (25°C) and 0.1 Hz 
(10 sec per cycle), then the corresponding OT-E test should be performed at 77°F (25°C) and 
0.1 Hz as well, but its opening displacement should be much smaller so that no damage will 
occur to the specimen.  The recommended opening displacement is 0.0009 inch (0.023 mm) and 
the corresponding strain level within the specimen is about 75 microstrain, which is consistent 
with the MEPDG dynamic modulus test (AASHTO TP62-03).    

Third, the proposed loading waveform for OT-E test is haversine-shaped. There are two reasons 
to choose the haversine loading waveform.  One is that most modulus test procedures, including 
the MEPDG dynamic modulus test, use this type of loading waveform.  The other reason is that 
it is easy to analyze and model the stress-strain curves and then determine the modulus value 
using the equations given below.  
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• Step 2, OT test:   

A modified version of TxDOT test method Tex-248-F should be followed when running the OT 
for fracture properties (A and n). As noted previously, the minor required changes are:  

• Reduce the opening displacement to 0.017 inch (0.43 mm) from the regular 
0.025 inch (0.63 mm).  

• Run the OT until it reaches 100 cycles. If the OT stopped within less than 50 cycles, 
reduce the opening displacement to 0.015 inch or less, run it again until it reaches a 
minimum of 50 cycles.   

After performing these two OT tests, fracture properties, A and n can be determined based on the 
collected test data. Detailed information is given in next section.  

Determination of Fracture Properties: A and n  

HMA mixtures are complex materials. However, for simplicity and practical applications, 
HMA mixtures are often assumed to be quasi-elastic materials represented by dynamic 
modulus and Poisson’s ratio. With this assumption, the well-known Paris’ Law                            
(Paris and Erdogan 1963) shown below can be used to describe crack propagation of HMA 
mixtures.   

 

where c is crack length; N is number of load repetitions; dc/dN is crack speed or rate of crack 
growth; ∆K is change of stress intensity factor (SIF); and A and n are fracture properties of 
material.  

In view of the Paris’ Law Model, it can be seen that the information required for determining 
fracture properties (A and n) includes 1) crack length (c) corresponding to a specific number of 
load repetitions (N), and 2) the SIF corresponding to any specific crack length (c). The proposed 
approach for determining the SIF and crack length (c) is discussed as follows.  

Crack Length Estimation  

To monitor crack length growth, researchers have used several different techniques such as crack 
foil (Jacobs 1995) or the Digital Image Correlation (DIC) techniques (Seo et al. 2004). Recently, 
TTI purchased a DIC system with two cameras to monitor crack growth on both sides of the 
specimen.  It was found that crack propagation is a very complicated phenomenon.  Even for 
such a small OT specimen, a crack grows in a 3-D field rather than a 2-D cross-sectional field. 
Furthermore, the crack growth rate on one side of the specimen, in most cases, is different from 
that on the other side.  HMA mix heterogeneity, non-uniform air void distribution, and residual 
stresses are considered some of the contributing factors for the observed differences in the crack 
growth rate on either side of the OT specimen during testing.  Recognizing the complexity of 



 

B-11
 

crack growth, researchers made some simplification and the following assumptions in this 
project in order to practically estimate crack length:  

• An equivalent (or ideal) crack starts from the bottom at the center of the OT specimen 
and propagates vertically (in a 2-D field) to the top surface of the specimen. 

• The reduction of the maximum load from the first cycle is attributed to crack 
development/growth. 

• As assumed previously, HMA mixtures are quasi-elastic and represented by dynamic 
modulus and Poisson’s ratio (μ=0.35). Note that the visco-elastic properties of HMA 
mixtures are indirectly considered through using dynamic modulus, which is time-
temperature dependent. 

With these assumptions, a back calculation approach can be used for crack length estimation.  
Actually, Jacobs (1995) and later Roque et al. (1999) have successfully used this approach to 
estimate the crack length from the recorded load and/or strain.  In particular for the OT, the 
maximum load required to reach a specific maximum opening displacement (MOD) gap opening 
between the plates) is proportional to the dynamic modulus of the OT specimen, and decreases 
with crack length growth, provided that the MOD is constant.  To exclude the influence of the 
dynamic modulus and the MOD, the maximum load corresponding to any crack length was 
normalized to the maximum load corresponding to zero crack length, which is determined 
through extrapolation.  Figure B-10 shows the relationship between the normalized maximum 
load (y) and crack length (x) developed through FE calculations. A corresponding regression 
equation is also presented in Figure B-10.  

 
Figure B-10. Normalized Maximum Load vs. Crack Length. 

Since the maximum load at each cycle is automatically recorded during the OT testing, it is easy 
to estimate the equivalent crack length (c) for each specific cycle (N) from Figure B-10, and then 
develop the relationship between the c and N, and accordingly dc/dN vs. N.  
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SIF Determination 

Based on the previous assumptions discussed above, the SIF was specifically analyzed for OT 
specimens using a 2-D CrackPro FE program (a modified SA-CrackPro program).  The SIF is 
linearly proportional to the dynamic modulus (E) of the OT specimen and the MOD.  Therefore, 
the SIFs corresponding to variable crack lengths (c) were calculated only for E =1 MPa (0.145 
ksi) and MOD =1 mm.  Figure 4-19 presents these results.  

To facilitate implementation, a regression equation (shown in Figure B-11) was developed for 
the SIF vs. crack length at the condition of E=1 MPa (0.145 ksi) and MOD = 1 mm.  For any 
other E and MOD combinations, Equation 4-52 can determine the corresponding SIF:  

SIF =0.2911* E * MOD *c0.4590 (Equation 4-52) 

where E is the dynamic modulus; MOD is the maximum opening displacement; and c is the 
crack length.   

 
Figure B-11. Calculated SIF vs. Crack length. 

Figure B-11 shows that the SIF decreases rapidly at the beginning and its decreasing rate 
becomes smaller and smaller with crack length growth.  This observation indicates that the initial 
crack propagation stage is very important to determine reasonable fracture properties of HMA 
mixtures for the OT, which means that the required fracture properties should be determined 
from the initial stage of the OT testing (perhaps within 20 minutes).  This feature separates the 
displacement-controlled OT from all other load-controlled fracture tests, such as direct tension 
test (Majidzadeh et al. 1970; Salam 1971; Molenaar 1983; Jacobs 1995) and indirect tension test 
(Roque et al. 1999), because these load-controlled tests are often focused on the late crack 
propagation stage where the SIF increases rapidly so that these tests generally take a very long 
time (i.e., hours.)  

Determination of Fracture Properties: A and n  

With known SIF (K) and crack growth rate (dc/dN), the fracture properties (A and n) can be 
readily determined. Figure 4-20 shows the five steps of determining the HMA fracture properties 
(A and n). Currently, a Microsoft© Excel macro named TTI-OT has been developed to 
automatically analyze the OT test results and determine the HMA fracture properties (A and n). 
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THE REPEATED LOAD PERMANENT DEFORMATION (RLPD) TEST 

Laboratory Determination of HMA Rutting Properties: μ and α  

The most often used laboratory test for determining the permanent deformation properties of 
HMA materials is the repeated load test.  Generally, the repeated load test is run without 
confining pressure with 0.1 second loading and 0.9 second rest period. After reviewing historical 
references about the repeated load test in the literature (Kenis 1978; Witczak et al. 2000), Zhou 
et al. have standardized a repeated load test protocol for HMA mixes and documented it in 
Report 0-5798-P1: Laboratory and Field Procedures Used to Characterize Materials. But, it was 
found later that it is ideal to conduct the repeated load test at three temperatures for the Texas 
climate: 77°F/25°C, 104°F/40°C, and 122°F/50°C.  Table B-3 lists the applied load for each 
temperature. In case of preferring only one test temperature, the recommended test temperature 
is 104°F/40°C.  The specimen size is 4-inch (100 mm) diameter by 6-inch (150 mm) high and its 
preparation is the same as that for the dynamic modulus test, to be discussed later.  The detailed 
test protocol can be found in Report 0-5798-P1 (Zhou et al. 2009a).  

Table B-3. Repeated Load Test Temperatures and Load Levels.  
 

 

 
 
To determine the rutting parameters from the repeated load test, the accumulative permanent 
deformation (or strain) versus the number of load repetitions (N), as shown in Figure B-12, is 
generally plotted on a log-log scale and is often expressed by the classical power law model:  

εp = aN 
b 
  

where parameters a and b are regression constants depending on the mix itself, test temperature, 
and load level. The intercept a represents the permanent strain at N=1, whereas the slope b 
represents the rate of change in permanent strain as a function of the change in load repetitions 
(logN). Note that the parameters a and b, are determined from the linear portion of the permanent 
strain curve only. 

Test temperature (ºF)  7
7 

1
0
4 

12
2  

Applied deviator stress (psi) 3
0 

2
0 10  
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Figure B-12. Plot of Regression Constants “a” and “b” from Log Permanent 
Strain— Log Number of Loading Cycles. 

From the previous equation, the permanent strain per load repetition ∆εp(N) can be 
deduced and expressed by the following model:  

Δεp (N) = abN b−1  

Meanwhile, the resilient strain (εr) is generally assumed to be independent of the load 
repetitions (N) and is calculated based on the measurement on the 200

th
 repetition. As a 

consequence, the ratio of permanent strain to resilient strain of the HMA mix can be expressed 
by the following model: 

  
  

Rutting parameters μ and α, are defined as follows:  

μ =   

α = 1−b   
For the HMA mix shown in Figure B-12, known resilient microstrain εr = 88, intercept a =67.41, 
and slope b=0.2895, the rutting parameters μ and α can be determined as follows: 

 

μ =   = (67.41 × 0.2895) ÷ 88 = 0.2218 
 

α = 1- b = 1- 0.2895 = 0.7105 
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APPENDIX C: BASE AND SUBGRADE SOIL TESTS 
 

RECOMMENDED PERMANENT DEFORMATION AND RESILIENT MODULUS 
LABORATORY TEST PROTOCOLS FOR UNBOUND GRANULAR BASE/SUBBASE 

MATERIALS AND SUBGRADE SOILS 

1. SCOPE  

1.1 This test method describes the laboratory preparation and testing procedures for the 
determination of permanent deformation and resilient modulus (Mr) of unbound granular 
base/subbase materials and subgrade soils for pavement performance prediction.  This test 
procedure has been adapted primarily from the standard test methods recommended by the 
National Cooperative Highway Research Program (NCHRP) Project 1-28A. 

1.2 The methods described herein are applicable to laboratory-molded samples of unbound 
granular base/subbase materials and subgrade soils.  

1.3 In this test procedure, stress states used for permanent deformation and resilient modulus 
testing are based upon whether the specimen is located in the base/subbase or the subgrade. 
Specimen size for testing depends upon the maximum particle size of the material.  

1.4 The values of permanent deformation and resilient modulus determined from these 
procedures are the measures of permanent deformation properties and the modulus of 
unbound granular base/subbase materials and subgrade soils with the consideration of their 
stress-dependency.  

1.5 Resilient modulus values can be used with structural response analysis models to calculate 
the pavement structural response to wheel loads, and with the combination of permanent 
deformation properties and pavement design procedures to predict rutting performance.  

2. REFERENCED DOCUMENTS  

2.1 TxDOT Procedures:  

• Tex-110-E Particle Size Analysis of Soils. 
• Tex-104-E Determining Liquid Limits of Soils. 
• Tex-105-E Determining Plastic Limit of Soils. 
• Tex-106-E Calculating the Plasticity Index of Soils. 
• Tex-108-E Determining Specific Gravity of Soils. 
• Tex-113-E Laboratory Compaction Characteristics and Moisture-Density Relationship of 

Base Materials. 
• Tex-114-E Laboratory Compaction Characteristics and Moisture-Density Relationship of 

Subgrade, Embankment Soils, and Backfill Material. 
• Tex-103-E Determining Moisture Content in Soil Materials. 
• Tex-117-E Triaxial Compression for Disturbed Soils and Base Materials. 
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3. TERMINOLOGY 

3.1 Unbound Granular Base and Subbase Materials—These include soil-aggregate mixtures and 
naturally occurring materials.  No binding or stabilizing agent is used to prepare unbound 
granular base or subbase layers. These materials are classified as Type 1 and Type 2, as 
subsequently defined in 3.3 and 3.4.  

3.2 Subgrade—Subgrade soils may be naturally occurring or prepared and compacted before the 
placement of subbase and/or base layers.  These materials are classified as Type 1, Type 2, 
and Type 3, as subsequently defined in 3.3, 3.4, and 3.5.  

3.3 Material Type 1—These include all unbound granular base and subbase materials and all 
untreated subgrade soils with maximum particle sizes greater than 3/8 in. (9.5 mm). All 
material greater than 1.0 in. (25 mm) shall be scalped off prior to testing. Materials classified 
as Type 1 shall be molded in either a 6 in. (150 mm) diameter mold. Materials classified as 
Type 1 shall be compacted as per Tex-113-E.  

3.4 Material Type 2—These include all unbound granular base and subbase materials and all 
untreated subgrade soils that have a maximum particle size less than 3/8 in (9.5 mm) and that 
meet the criteria of less than 10 percent passing the No. 200 (75 µm) sieve.  Materials 
classified as Type 2 shall be molded in a 4 in (100 mm) diameter mold and compacted as per 
Tex-114-E  

3.5 Material Type 3—These include all untreated subgrade soils that have a maximum particle 
size less than 3/8 in (9.5 mm) and that meet the criteria of more than 10 percent passing the 
No. 200 (75 mm) sieve.  Materials classified as Type 3 shall be molded in a 4 in (100 mm) 
diameter mold and compacted as per Tex-114-E.  

3.6 Permanent Deformation—Permanent deformation is determined by repeated load 
compression tests on specimens of the unbound materials.  Permanent deformation is the 
unrecovered deformation during the testing. 

3.7 Resilient Modulus—The resilient modulus is determined by repeated load compression tests 
on test specimens of the unbound materials.  Resilient modulus (Mr) is the ratio of the peak 
axial repeated deviator stress to the peak recoverable axial strain of the specimen.  

3.8 Loading Wave Form—Test specimens are loaded using a haversine load pulse with 0.1 to 0.2 
second loading and 0.8 to 0.9 second rest period.  

3.9 Maximum Applied Axial Load (Pmax)—The load applied to the sample consisting of the 
contact load and cyclic load (confining pressure is not included):  

Pmax = Pcontact + Pcyclic 

3.10 Contact Load (Pcontact)—Vertical load placed on the specimen to maintain a positive 
contact between the loading ram and the specimen top cap.  The contact load includes the 
weight of the top cap and the static load applied by the ram of the loading system. 
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3.11 Cyclic Axial Load—Repetitive load applied to a test specimen:  

Pcyclic = Pmax – Pcontact 

3.12 Maximum Applied Axial Stress (σmax)—The axial stress applied to the sample consisting 
of the contact stress and the cyclic stress (the confining stress is not included):  

σmax = Pmax/A 

where A is the cross sectional area of the sample. 

3.13 Cyclic Axial Stress (σcyclic)—Cyclic applied axial stress:  

σcyclic = Pcyclic/A 

3.14 Contact Stress (σcontact)—Axial stress applied to a test specimen to maintain a positive 
contact between the specimen cap and the specimen:  

σcontact = Pcontact /A 

The contact stress shall be maintained so as to apply a constant anisotropic confining stress ratio:  

(σcontact + σ3)/σ3 = 1.2 

where σ3 is the applied confining pressure in the triaxial chamber (i.e., the minor principal 
stress). 

3.15 er is the resilient (recoverable) axial deformation due to σcyclic.  

3.16 εr is the resilient (recoverable) axial strain due to σcyclic:  

εr = er/L 

where L is the distance between measurement points for resilient axial deformation 

3.17 ep is the permanent (unrecoverable) axial deformation due to εcyclic.  

3.18  εp is the permanent (unrecoverable) axial strain due to εcyclic:  

εp = ep / L 

3.19 Resilient Modulus (Mr) is defined as:  

Mr = εcyclic /εr 
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3.20 Load duration is the time interval the specimen is subjected to a cyclic stress pulse.  

3.21 Cycle duration is the time interval between the successive applications of a cyclic stress. 

4. SUMMARY OF METHOD  

4.1 A repeated axial stress of fixed magnitude, load duration, and cycle duration is applied to a 
cylindrical test specimen.  The test is performed in a triaxial cell, and the specimen is 
subjected to a repeated (cyclic) stress and a constant confining stress provided by means of 
cell air pressure.  Both total resilient (recoverable) and permanent axial deformation 
responses of the specimen are recorded and used to calculate the permanent deformation 
properties and the resilient modulus.  

5. SIGNIFICANCE AND USE  

5.1 The resilient modulus test results provide a basic constitutive relationship between stiffness 
and stress state of pavement materials for use in the structural analysis of layered pavement 
systems. 

5.2 The permanent deformation properties of pavement materials can be determined from the 
first 10,000 cycles of the repeated load test. The information is critical for pavement rutting 
performance prediction.   

6. PERMANENT DEFORMATION AND RESILIENT MODULUS TEST APPARATUS  

6.1 Triaxial Pressure Chamber—The pressure chamber contains the test specimen and the 
confining fluid during the test.  Figure C-1 shows a typical triaxial chamber suitable for use 
in resilient modulus testing of soils. The axial deformation is measured internally, directly on 
the specimen, using normal gauges with rubber bands (see Figure C-2), non-contact sensors, 
or clamps. For soft and very soft subgrade specimens (where the undrained shear strength, su,  
is less than 36 kPa or 750 psf), rubber bands or clamps should not be used since these may 
damage the specimen.  In this case, the top to bottom platen measurements can be used to 
measure axial deformation of these weak soils.  

6.1.1  Air shall be used in the triaxial chamber as the confining fluid for all testing.  

6.1.2  The chamber shall be made of suitable transparent material (such as 
polycarbonate).  
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Figure C-1. Triaxial Cell and Test System. 

 
Figure C-2. Sample with Instruments. 

 
6.2 Loading Device—The loading device shall be a top-loading, closed-loop electro-hydraulic 

testing machine with a function generator that is capable of applying repeated cycles of a 
haversine-shaped load pulse. Each pulse shall have a 0.1 sec duration followed by a rest 
period of 0.9 sec duration for base/subbase materials and 0.2 sec duration followed by a rest 
period of 0.8 sec duration for subgrade materials. For non-plastic granular material, it is 
permissible, if desired, to reduce the rest period to 0.4 sec to shorten testing time; the loading 
time may be increased to 0.15 sec if required.  
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6.2.1 The electro-hydraulic system-generated haversine waveform and the response 
waveform shall be displayed to allow the operator to adjust the gains to ensure they 
coincide during conditioning and testing. 

6.3 Load and Specimen Response Measuring Equipment  

6.3.1 The axial load measuring device should be an electronic load cell, which is 
preferred to be located inside the triaxial cell. The load cell should have the capacities 
presented in Table C-1.  

Table C-1. Load Cell Capacity. 

6.3.2 The chamber pressures shall be monitored with conventional pressure gauges, 
manometers, or pressure transducers accurate to 0.1 psi (0.7 kPa). 

6.3.3  Axial deformation is to be measured with displacement transducers. Deformation 
shall be measured over approximately the middle half of the specimen.  Axial 
deformations shall be measured at a minimum of two locations 180 degrees apart (in a 
plan view).  Table C-2 summarizes the specifications for displacement transducers.  

Table C-2. Specifications for Measurement of Displacements. 
Material/Specimen 

Diameter (in)  
Min.      

Range (in)  
Approximate Resilient Specimen 

Displacement (in)  
Aggregate 

Base  
6 ±0.25  0.001 
4 ±0.10  0.00065 

Subgrade Soil    
(sand and 
cohesive)  

4 ±0.25  0.0014 

Note: For soft subgrade soil, permanent and resilient displacement shall be measured over entire 
specimen height.   

Note 1—Misalignment or dirt on the shaft of the transducer can cause the shafts of the LVDTs to 
stick. The laboratory technician shall depress and release each LVDT back and forth a number of 
times prior to each test to assure that they move freely and are not sticking. A cleaner/lubricant 
specified by the manufacturer shall be applied to the transducer shafts on a regular basis.  

6.3.4  Data Acquisition: An analog-to-digital (A/D) data acquisition system is required. 
Suitable signal excitation, conditioning, and recording equipment are required for 
simultaneous recording of axial load and deformations.  The system should meet or 
exceed the following additional requirements: (1) 25 μs A/D conversion time; (2) 12-bit 
resolution; (3) single- or multiple-channel throughput (gain = 1) of 30 kHz; (4) software 
selectable gains; (5) measurement accuracy of full scale (gain = 1) of ±0.02 percent; and 

Sample Diameter in (mm) Max. Load Capacity lb (kN) Required Accuracy lb (N) 
4.0 (100) 2000 (9) ±4 (±18) 
6.0 (150) 5000 (22) ±5 (±22) 
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(6) non-linearity of ±0.5 percent. The signal shall be clean and free of noise. Filtering the 
output signal during or after data acquisition is discouraged.   

If a filter is used, it should have a frequency higher than 10 to 20 Hz. A supplemental 
study should be made to ensure correct peak readings are obtained from filtered data 
compared to unfiltered data.  A minimum of 200 data points from each displacement 
transducer shall be recorded per load cycle.  

6.4 Specimen Preparation Equipment—A variety of equipment is required to prepare compacted 
specimens that are representative of field conditions.  Use of different materials and different 
methods of compaction in the field requires the use of varying compaction energies in the 
laboratory.    

6.5 Miscellaneous Apparatus—This includes calipers, micrometer gauge, steel rule (calibrated to 
0.02 in., 0.5 mm), rubber membranes 0.02 to 0.03 in. (0.25 to 0.8 mm) thickness, rubber O-
rings, vacuum source with bubble chamber and regulator, membrane expander, porous stones 
(subgrade), 0.25 in. (6.4 mm) thick porous stones or bronze discs (base/subbase), scales, 
moisture content cans, and data sheets.  

6.6 Periodic System Calibration—The entire system (transducers, signal conditioning, and 
recording devices) shall be calibrated every two weeks or after every 50 tests. Daily and 
other periodic checks of the system may also be performed as necessary.  No permanent 
deformation and resilient modulus testing will be conducted unless the entire system meets 
the established calibration requirements.  

7. PREPARATION OF TEST SPECIMENS  

7.1 The following guidelines, based on the sieve analysis test results, shall be used to determine 
the test specimen size:  

7.1.1  Use 6 in. (150 mm) diameter and 12 in. (300 mm) high specimens for all Type 1 
material. 

7.1.2 Use 4 in (100 mm) diameter and 8 in. (200 mm) high specimens for all Type 2 
and Type 3 materials.  

7.2 Laboratory Compacted Specimens—Reconstituted test specimens of all types shall be 
prepared to the specified or in situ dry unit weight (γd) and moisture content (ω).  Laboratory 
compacted specimens shall be prepared for all unbound granular base and subbase material 
and for all subgrade soils.  

7.2.1  Moisture Content—For in situ materials, the moisture content of the laboratory 
compacted specimen shall be the in situ moisture content for that layer obtained in the 
field using Tex-103-E. If data are not available on in situ moisture content, refer to 
Section 7.2.3.  
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7.2.1.1  The moisture content of the laboratory compacted specimen should not 
vary from the nominal value by more than ±0.5 percent for all materials.  

7.2.2  Compacted Density—The unit weight of a compacted specimen shall be the in-
place dry unit weight obtained in the field for that layer using Tex-115-E or other suitable 
methods.  If these data are not available on in situ density, then refer to Section 7.2.3.  

7.2.2.1  The dry unit weight of a laboratory compacted specimen should not vary 
more than ±1.0 percent from the target dry unit weight for that layer.  

7.2.3  If either the in situ moisture content or the in-place dry unit weight is not 
available, use the optimum moisture content and 100 percent of the maximum dry 
unit weight by using Tex-113-E for the base/subbase and 95 percent of Tex-114-E for 
the subgrade.  

7.2.3.1  The moisture content of the laboratory compacted specimen should not 
vary from the required value by more than ±0.5 percent for all materials.  The dry 
unit weight of a laboratory compacted specimen should not vary more than 
±1.0 percent from the target dry unit weight for that layer.  

7.2.4  Sample Reconstitution—Reconstitute the specimen for all materials.  The target 
moisture content and unit weight to be used in determining needed material qualities 
are given in Section 7.2. After this step is completed, specimen compaction can 
begin.  

7.3 Compaction Methods and Equipment for Reconstituting Specimens 

7.3.1  Specimens of Type 1 materials shall be compacted by Tex-113-E.  

7.3.2  Specimens of Type 2 materials shall be compacted by Tex-114-E.  

7.3.3  Specimens of Type 3 materials shall be compacted by Tex-114-E.  

8. TEST PROCEDURE  

Following this test procedure, a permanent deformation and resilient modulus test is performed 
on all materials using a triaxial cell (confined).  

8.1 Apparatus and Sample Preparation  

8.1.1  Assembly of the triaxial cell: If the specimen is not yet in place, place it with end 
platens into position on the pedestal of the triaxial cell. Proper positioning of the 
specimen is extremely critical in applying a concentric load to the specimen.  Couple the 
loading device to the specimen using a smooth steel ball. To center the specimen, slowly 
rotate the ball as the clearance between the load piston ball decreases and a small amount 
of load is applied to the specimen.  Be sure the ball is concentric with the piston that 
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applies the load (watch the gap around the ball). Shift the specimen laterally to achieve a 
concentric loading.  

8.1.2 Check and adjust the axial displacement measurement system, load cell, and data 
acquisition system, and make sure these are working properly.  

8.1.3  If the confining air pressure supply line is not already connected, connect the 
supply line to the triaxial chamber.  

8.1.4  Open all valves on drainage lines leading to the inside of the specimen. This is 
necessary to develop confining pressure on the specimen.  

8.1.5  Apply the specified preconditioning conditioning confining pressure (as shown in 
Table 3 based on material type) to the test specimen.  A contact stress equal to 20 percent 
of the confining pressure shall be applied to the specimen so that the load piston stays in 
contact with the top platen at all times.  

8.1.6  Preconditioning—Apply 100 repetitions of preconditioning at a maximum axial 
stress and a corresponding cyclic stress as shown in Table C-3 using a haversine-shaped 
load pulse followed by a rest period(also shown in Table C-3).  

8.2 Permanent Deformation Test 

8.2.1 Apply a 10,000 cycles of haversine loading (Pcyclic) equivalent to a maximum 
axial stress and a corresponding cyclic stress using a haversine-shaped, load pulse 
followed by a rest period (as shown in Table C-3).  Stop the test if the vertical permanent 
strain reaches 5 percent before 10,000 cycles are completed. 

Table C-3. Preconditioning and Permanent Deformation Data Based on Material Type. 
Material 

Type Sequence 
Confining 
Pressure Cyclic Stress Maximum 

Stress 
Load Pulse 
Duration 

Rest 
Period 

KPa psi KPa psi KPa psi sec sec 

1 
Preconditioning 103.5 15 20.7 3 41.4 6 

0.1 0.9 Permanent 
Deformation 103.5 15 207 30 227.7 33 

2 
Preconditioning 27.6 4 6.9 1 12.4 1.8 

0.2 0.8 Permanent 
Deformation 27.6 4 55.2 8 60.7 8.8 

3 
Preconditioning 27.6 4 6.9 1 12.4 1.8 

0.2 0.8 Permanent 
Deformation 27.6 4 48..3 7 53.8 7.8 

 

8.2.2  During the load applications, record the load applied and the axial deformation 
measured from two displacement transducers through the data acquisition system.  
Signal-to-noise ratio should be at least 10. All data should be collected in real time 
and collected/ processed so as to minimize phase errors due to sequential channel 
sampling.  In order to save storage space during data acquisition for 10,000 cycles, 
researchers recommend using the data acquisition of the cycles shown in Table C-4.  



 

C-10 
 

Table C-4. Suggested Data Collection for Triaxial Repeated Load Permanent Deformation 
Test for All Materials.  

Data Collection Data Collection Data Collection Data Collection 
During Cycles During Cycles During Cycles During Cycles 

1--15 450 1300 4000 
20 500 1400 4500 
30 550 1500 5000 
40 600 1600 5500 
60 650 1700 6000 
80 700 1800 6500 
100 750 1900 7000 
130 800 2000 7500 
160 850 2200 8000 
200 900 2400 8500 
250 950 2600 9000 
300 1000 2800 9500 
350 1100 3000 10000 
400 1200 3500 

 
8.3 Resilient Modulus Test 

8.3.1 Specimen Testing—If the vertical permanent strain has neither reached 5 percent 
nor the specimen failed during permanent deformation test, the same specimen may be 
used to perform the resilient modulus test even though a new specimen is preferred.  

8.3.2 If the vertical permanent strain exceeds 5 percent during permanent deformation 
testing, mold a new specimen, and then go back to section 8.1.1.  In addition, reduce the 
load repetitions from 10,000 to 1,000 during the repeated load permanent deformation 
test.  If the sample again reaches 5 percent total vertical permanent strain during the 
repeated load test, then the test shall be terminated.  No further testing of this material is 
necessary.  

8.3.3 Perform the resilient modulus test following the load sequence shown in 
Tables C-5, C-6, or C-7 based on the soil type. Begin with Sequence No. 1.  

8.3.4 Apply 100 repetitions of the corresponding cyclic axial stress using a haversine-
shaped load pulse followed by a rest period described in Table C-3.  Record the average 
recovered deformations from each displacement transducer separately for the last five 
cycles.  

8.3.5 At the completion of this test, reduce the confining pressure to zero, and remove 
the sample from the triaxial chamber. 

8.3.6 Remove the membrane from the specimen, and use the entire specimen to 
determine moisture content in accordance with Tex-103-E.  
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Table C-5. Permanent Deformation and Resilient Modulus Test Sequence for Type 1 
Material. 

Sequence 
Confining 
Pressure Contact Stress Cyclic Stress Maximum Stress Nrep. 

KPa psi KPa psi KPa psi KPa psi 
Preconditioning 103.5 15.0 20.7 3.0 20.7 3.0 41.4 6.0 100 

Permanent 
Deformation 103.5 15.0 20.7 3.0 207.0 30.0 227.7 33.0 10000

1 20.7 3.0 4.1 0.6 10.4 1.5 14.5 2.1 100 
2 41.4 6.0 8.3 1.2 20.7 3.0 29.0 4.2 100 
3 69.0 10.0 13.8 2.0 34.5 5.0 48.3 7.0 100 
4 103.5 15.0 20.7 3.0 51.8 7.5 72.5 10.5 100 
5 138.0 20.0 27.6 4.0 69.0 10.0 96.6 14.0 100 
6 20.7 3.0 4.1 0.6 20.7 3.0 24.8 3.6 100 
7 41.4 6.0 8.3 1.2 41.4 6.0 49.7 7.2 100 
8 69.0 10.0 13.8 2.0 69.0 10.0 82.8 12.0 100 
9 103.5 15.0 20.7 3.0 103.5 15.0 124.2 18.0 100 

10 138.0 20.0 27.6 4.0 138.0 20.0 165.6 24.0 100 
11 20.7 3.0 4.1 0.6 41.4 6.0 45.5 6.6 100 
12 41.4 6.0 8.3 1.2 82.8 12.0 91.1 13.2 100 
13 69.0 10.0 13.8 2.0 138.0 20.0 151.8 22.0 100 
14 103.5 15.0 20.7 3.0 207.0 30.0 227.7 33.0 100 
15 138.0 20.0 27.6 4.0 276.0 40.0 303.6 44.0 100 
16 20.7 3.0 4.1 0.6 62.1 9.0 66.2 9.6 100 
17 41.4 6.0 8.3 1.2 124.2 18.0 132.5 19.2 100 
18 69.0 10.0 13.8 2.0 207.0 30.0 220.8 32.0 100 
19 103.5 15.0 20.7 3.0 310.5 45.0 331.2 48.0 100 
20 138.0 20.0 27.6 4.0 414.0 60.0 441.6 64.0 100 
21 20.7 3.0 4.1 0.6 103.5 15.0 107.6 15.6 100 
22 41.4 6.0 8.3 1.2 207.0 30.0 215.3 31.2 100 
23 69.0 10.0 13.8 2.0 345.0 50.0 358.8 52.0 100 
24 103.5 15.0 20.7 3.0 517.5 75.0 538.2 78.0 100 
25 138.0 20.0 27.6 4.0 690.0 100.0 717.6 104.0 100 
26 20.7 3.0 4.1 0.6 144.9 21.0 149.0 21.6 100 
27 41.4 6.0 8.3 1.2 289.8 42.0 298.1 43.2 100 
28 69.0 10.0 13.8 2.0 483.0 70.0 496.8 72.0 100 
29 103.5 15.0 20.7 3.0 724.5 105.0 745.2 108.0 100 
30 138.0 20.0 27.6 4.0 966.0 140.0 993.6 144.0 100 
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Table C-6. Permanent Deformation and Resilient Modulus Test Sequence for Type 2 

Material. 

Sequence 
Confining 
Pressure Contact Stress Cyclic Stress Maximum Stress 

Nrep. 
KPa psi KPa psi KPa psi KPa psi 

Preconditioning 27.6 4.0 5.5 0.8 6.9 1.0 12.4 1.8 100 

Permanent 
Deformation 27.6 4.0 5.5 0.8 55.2 8.0 60.7 8.8 10000

1 13.8 2.0 2.8 0.4 6.9 1.0 9.7 1.4 100 
2 27.0 4.0 5.5 0.8 55.2 8.0 60.7 8.8 100 
3 41.4 6.0 8.3 1.2 20.7 3.0 29.0 4.2 100 
4 55.2 8.0 11.0 1.6 27.6 4.0 38.6 5.6 100 
5 82.2 12.0 16.6 2.4 41.4 6.0 58.0 8.4 100 
6 13.8 2.0 2.8 0.4 13.8 2.0 16.6 2.4 100 
7 27.6 4.0 5.5 0.8 27.6 4.0 33.1 4.8 100 
8 41.4 6.0 8.3 1.2 41.4 6.0 49.7 7.2 100 
9 55.2 8.0 11.0 1.6 55.2 8.0 66.2 9.6 100 

10 82.8 12.0 16.6 2.4 82.8 12.0 99.4 14.4 100 
11 13.8 2.0 2.8 0.4 27.6 4.0 30.4 4.4 100 
12 27.6 4.0 5.5 0.8 55.2 8.0 60.7 8.8 100 
13 41.4 6.0 8.3 1.2 82.8 12.0 91.1 13.2 100 
14 55.2 8.0 11.0 1.6 110.4 16.0 121.4 17.6 100 
15 82.8 12.0 16.6 2.4 165.6 24.0 182.2 26.4 100 
16 13.8 2.0 2.8 0.4 41.4 6.0 44.2 6.4 100 
17 27.6 4.0 5.5 0.8 82.8 12.0 88.3 12.8 100 
18 41.4 6.0 8.3 1.2 124.2 18.0 132.5 19.2 100 
19 55.2 8.0 11.0 1.6 165.6 24.0 176.6 25.6 100 
20 82.8 12.0 16.6 2.4 248.4 36.0 265.0 38.4 100 
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Table C-7. Permanent Deformation and Resilient Modulus Test Sequence for Type 3 

Material. 

Sequence 
Confining 
Pressure Contact Stress Cyclic Stress Maximum Stress 

Nrep. 
KPa psi KPa psi KPa psi KPa psi 

Preconditioning 27.6 4.0 5.5 0.8 6.9 1.0 12.4 1.8 100 

Permanent 
Deformation 27.6 4.0 5.5 0.8 48..3 7.0 53.8 7.8 10000

1 55.2 8.0 11.0 1.6 27.6 4.0 38.6 5.6 100 
2 41.4 6.0 8.3 1.2 27.6 4.0 35.9 5.2 100 
3 27.6 4.0 5.5 0.8 27.6 4.0 33.1 4.8 100 
4 13.8 2.0 2.8 0.4 27.6 4.0 30.4 4.4 100 
5 55.2 8.0 11.0 1.6 48.3 7.0 59.3 8.6 100 
6 41.4 6.0 8.3 1.2 48.3 7.0 56.6 8.2 100 
7 27.6 4.0 5.5 0.8 48.3 7.0 53.8 7.8 100 
8 13.8 2.0 2.8 0.4 48.3 7.0 51.1 7.4 100 
9 55.2 8.0 11.0 1.6 69.0 10.0 80.0 11.6 100 

10 41.4 6.0 8.3 1.2 69.0 10.0 77.3 11.2 100 
11 27.6 4.0 5.5 0.8 69.0 10.0 74.5 10.8 100 
12 13.8 2.0 2.8 0.4 69.0 10.0 71.8 10.4 100 
13 55.2 8.0 11.0 1.6 96.0 14.0 107.6 15.6 100 
14 41.4 6.0 8.3 1.2 96.0 14.0 104.9 15.2 100 
15 27.6 4.0 5.5 0.8 96.0 14.0 102.1 14.8 100 
16 13.8 2.0 2.8 0.4 96.0 14.0 99.4 14.4 100 

 
9. CALCULATIONS 
 
Calculation of Permanent Strain  
 
9.1 Calculate the average axial deformation for each specimen by averaging the readings from 

the two displacement transducers.  Convert the average deformation values to total axial 
strain by dividing by the gauge length, L. Figure C-3 shows the typical total axial strain 
versus time.  

9.2 Compute the cumulative axial permanent strain (εp) and resilient strain (εr) at 200
th

 load 
repetition.  

9.3 Plot the cumulative axial permanent strain versus the number of loading cycles in a log space 
(shown in Figure C-4). Determine the permanent deformation parameters, intercept (a) and 
slope (b), from the linear portion of the permanent strain curve (log-log scale), which is also 
demonstrated in Figure C-4.  
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9.4 Compute the rutting parameters α,  μ from: 

 
α = 1 - b 

 

 
Figure C-3. Triaxial Repeated Load Test Results: Strain vs. Number of Load 

Repetitions.  
 
 

 
Figure C-4. Permanent Strain vs. Number of Load Repetitions. 

 
Calculation of Resilient Modulus  

9.5 The resilient modulus is calculated from each of the last five cycles of each load sequence 
and then averaged.  The data reduction processes preferred to be fully automated to minimize 
the chance for human error.  

9.6 Using nonlinear regression techniques fit the following resilient modulus model to the data 
obtained from the applied procedure. The equation for the nonlinear models is:  

  (k1, k2 ≥ 0, k3 ≤ 0) 



 

C-15 
 

Where:  

MR = resilient modulus. 

Θ = bulk stress, θ = σ1 + σ2 + σ3. 

τoct = octahedral shear stress. 

. 

σ1 = major principal stress =σmax + σc. 

σ2 = σ3 = minor principal stresses = σc. 

k1, k2, k3 = regression constants. 

pa = atmospheric pressure (14.7 psi). 

To facilitate the analysis, an Excel© Macro has been developed to directly read the output file 
from the resilient modulus test and automatically determine parameters k1, k2, and k3.  

10. REPORT  

10.1  Permanent Deformation Test:  

10.1.1  Report all specimen basic information including specimen identification, dates of 
manufacturing and testing, specimen diameter and length, confining pressure, stress 
levels used, and axial permanent deformation parameters: α, μ (or εr, a, and b).  

10.2 Resilient Modulus Test  

10.2.1 Report all specimen basic information including specimen identification, dates of 
manufacturing and testing, specimen diameter, and length.  

10.2.2 Report the average peak stress (σo) and strain (εo) for each confining pressure–
cyclic stress combination tested.  

10.2.3 For each confining pressure–cyclic stress combination tested, report the resilient 
modulus for each replicate test specimen.  

10.2.4 Report nonlinear resilient modulus model and the model parameters: k1, k2, 
and k3.  
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APPENDIX D: FIELD TEST DATA ANALYSIS 
 

 
 
 

Figure D-1. Crack Survey Map for US 59 (Atlanta, TX) (Page 1). 
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Figure D-2. Crack Survey Map for US 59 (Atlanta, TX) (Page 2). 
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Figure D-3. Crack Survey Map for US 59 (Atlanta, TX) (Page 3). 
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Figure D-4. Crack Survey Map for US 59 (Atlanta, TX) (Page 4). 
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Figure D-5. Crack Survey Map for US 59 (Atlanta, TX) (Page 5). 

 



 




