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PROJECT PROPOSAL

20 July 2000
Laboratory Testing for the HVS sections on Road P243/1

BACKGROUND

The use of cold treatment processes such as emulsion- or foam treatment combined with the new,
deep in-place recycling technology for the rehabilitation of roads, is gaining ground. The Gauteng
Department of Transport and Public Works is currently undertaking a number of this type of projects.
The rehabilitation of Road P243/1 by such a process has been identified for possible HVS testing and
this proposal describes the laboratory work that needs to done in support of the HVS testing.

PROBLEM STATEMENT AND MOTIVATION

Both the deep in-place recycling process and the treatments used in combination with this process
(emulsion and foam treatment) have been applied successfully to the rehabilitation of roads. Yet, the
structural adequacy of roads rehabilitated in this way, has still not been proven. The HVS is the ideal
tool to assess the structural bearing capacity of the rehabilitated roads but HVS testing is usually
limited to a few tests because of cost implications. The laboratory work proposed in this document
supports the HVS testing in assisting in the interpretation of the HVS results and broadens the scope
of the research project by testing far more combinations of the relevant variables than would be
possible with HVS testing alone.

METHODOLOGY

The original design for Road P243/1 was to mill 280 mm deep and to treat the material with cement
and emulsion. An alternative design, using foamed bitumen was, however, proposed and accepted.
It is the intention to have both emulsion- and foam-treated HVS sections on Road P243/1. The parent
material of the base layer of Road P243/1 is a ferricrete that will be mixed with the existing surfacing
of the road during the milling process and treated with cement in combination with emulsion and
foamed bitumen. The test programme set out in this proposal therefore makes provision for testing
the parent material, the parent material treated with cement and the parent material treated with
cement and one of the bituminous binders at a high and low level of density and saturation.

Provision needs to be made for the following activities of which only the last two points are covered by

this proposal.

1. The contractor agreed to mill a section of the base layer without adding the cement and
bituminous binder to obtain material for the laboratory test programme. In the case of
emulsion treatment, the emulsion will be mixed with the material at the CSIR laboratories
during the process of preparing the test samples. In the case of the foam treatment, the
material will be mixed at SRT’s laboratories but compacted at the CSIR laboratories. The
cost of foaming and mixing of the material at SRT’'s laboratories is not included in this
proposal.

2. The material sampling under point one above will be limited to the milled material that will
form the recycled base layer of the test sections. The characterization of the full pavement
system including all layers to the in-situ subgrade will be the duty of the consulting firm
involved in the project. A description of the work that is required should be included in the
HVS proposal. A test pit must be made on each of the foam- and emulsion-treated sections.
The uniformity of the sections set aside for HVS testing should be confirmed with DCP,
RCCD, density and binder extraction tests along the length of the sections.




3. A record needs to be built up of which materials will work with foam-treatment and which will
work with emulsion-treatment. The following parameters are believed to be important in this
regard and should be determined for the HVS project as well as other rehabilitation projects:

e Detailed grading analysis including the Hydrometer test to determine the clay
content
e Atterberg limits
e The type of clay mineral (X-ray diffraction)
e The PH of the material
e The initial lime consumption of the material
e The mineralogy of the material
e The particle shape of the fine fraction of the material
¢ The moisture susceptibility of the material (modified Lottman test)
e Some strength measurement such as ITS, UCS or CBR
The total cost for this evaluation is approximately R1500,00.

4. Advanced laboratory testing of the permanent deformation and effective fatigue
characteristics of the parent and treated material. This study will have the aim to investigate
the advantage of treating the material with emulsion or foamed bitumen in addition to the
cement that is added to the material.

The testing done for this project will basically consist of static triaxial tests to determine the shear
strength parameters of the various material and treatment combinations, dynamic triaxial tests to
determine the resilient response, permanent deformation and shear failure potential of the various
material and treatment combinations and beam tests to determine the flexural stiffness and strength
of the various material and treatment combinations.

PROJECT DELIVERABLES
The project deliverables will be contained in a project report and will consist of:

1. Elastic stiffness models for the material with different treatments. Suggested stiffness
input values for pavement design will be derived from these models.
2. Permanent deformation and shear failure models for the estimation of the bearing

capacity of the treated material. These models will provide the starting point for the
development of design models but will have to be expanded in future to include a
wider spectrum of parent materials.

3. Flexural strength parameters for the treated material that will enable a comparison
with conventional road building material such as lightly cemented materials.

BENEFIT TO THE ROAD AUTHORITY

The laboratory work, combined with the HVS test results will contribute towards the development of
methods for the rational assessment of the bearing capacity of roads rehabilitated with the deep in-
place recycling method using a cold treatment process. In terms of practical benefit to the road
authority, the combined laboratory and HVS testing will boost the confidence in the bearing capacity
estimates of roads rehabilitated in this way and reduce the risk of the applying the process to the
wrong situations. If the deep milling process in combination with a cold treatment process is proven
to provide a pavement with adequate bearing capacity it will offer a fast, cost-effective rehabilitation
option for the road industry.

PROJECT TEAM
The proposed manning for the laboratory test programme is as follows:

Team leader: Mr HL Theyse
Technical support: Mr C Fisher



Laboratory technicians: Mr S Sekhatle
Mr N Masango

ESTIMATED COST
The tables below provide cost estimates for the various components of the project. A contingency
amount is included in the project cost as the dynamic triaxial tests will run during the night. If there is

excessive differential deformation of the sample, extensive damage may be caused to the equipment.

Table 1: Standard laboratory tests to be performed on the parent materials

Standard test Unit rate (R) No of tests Cost (R)
Grading R 165.00 1 R 165.00
Atterbergs R 100.00 1 R 100.00
OMC/MDD R 275.00 1 R 275.00
CBR/density R 275.00 1 R 275.00
AD/BD R 425.00 1 R 425.00
R 1,240.00

Table 2: Triaxial tests to be performed on the parent and treated materials

Triaxial test type Unit rate (R) No of tests Cost (R)
Static triaxial
Ferricrete R 750.00 16 R 12,000.00
Ferricrete and cement R 750.00 16 R 12,000.00
Ferricrete, foam and cement R 750.00 16 R 12,000.00
Ferricrete, emulsion and cement R 750.00 16 R 12,000.00
Dynamic triaxial
Ferricrete R 1,100.00 24 R 26,400.00
Ferricrete and cement R 1,100.00 24 R 26,400.00
Ferricrete, foam and cement R 1,100.00 24 R 26,400.00
Ferricrete, emulsion and cement R 1,100.00 24 R 26,400.00
R 153,600.00

Four static triaxial tests will be done at each combination of two levels of density and two levels of
saturation resulting in 16 tests per material/treatment combination. Two dynamic triaxial tests will be
done at three stress levels for each of the four density/saturation combinations, giving 24 dynamic
triaxial tests for each material/treatment combination. The bituminous binder content will not be
varied for the triaxial testing. The relative contribution to the strength of the material by the cement
and cement combined with bituminous binder will, however, be investigated. The binder content will
be varied for the flexural strength testing. Samples will be tested at a low binder content of 1,5 % and
a high binder content of 2,0 % in the flexural strength testing.



Table 3:

UCS, ITS and static beam tests

Number of Total cost for number of tests indicated Total
Material Treatment Binder UCStests | ITStests | Beam tests UCS tests ITS tests Beam tests cost
Ferricrete Cement Field 3 3 6 R 750.00 R 300.00 R 3,600.00 R 4,650.00
Emulsion Low 3 3 6 R 750.00 R 300.00 R 3,600.00 R 4,650.00
High 3 3 6 R 750.00 R 300.00 R 3,600.00 R 4,650.00
Foam Low 3 3 6 R 750.00 R 300.00 R 3,600.00 R 4,650.00
High 3 3 6 R 750.00 R 300.00 R 3,600.00 R 4,650.00
R 3,750.00 R 1,500.00 R 18,000.00 R 23,250.00
Table 4: Human resource cost for supervision and value addition
Task Person Rate Hours Cost
Preliminary testing, development of test program and project admin H L Theyse R 350.00 80 R 28,000.00
Sample preperation and laboratory testing supervision H L Theyse R 350.00 40 R 14,000.00
Data processing and analysis
Static triaxial C Fisher R 250.00 24 R 6,000.00
Dynamic triaxial C Fisher R 250.00 80 R 20,000.00
ucs C Fisher R 250.00 12 R 3,000.00
ITS C Fisher R 250.00 12 R 3,000.00
Beam C Fisher R 250.00 40 R 10,000.00
Combined data statistical analysis H L Theyse R 350.00 120 R 42,000.00
Report H L Theyse R 350.00 100 R 35,000.00

R 161,000.00




Table 5: Total project cost

Item Cost

Human resource cost R 161,000.00

Standard laboratory tests R 1,240.00

Triaxial testing R 153,600.00

Beam, ITS and UCS cost R 23,250.00

Contingency R 20,000.00
Total (VAT exl.) R 359,090.00
VAT (14%) R 50,272.60
Project cost R 409,362.60

The possibility of obtaining a portion of the required funding from the C&CI was discussed at the HVS
coordinating committee meeting held on 8 June 2000. C&CI could potentially cover the cost of testing
the samples that are treated with only cement. This will enable a comparison between the properties
of the untreated material, the material treated with cement and the material treated with both cement
and bituminous binder. It should therefore be possible to isolate and quantify the individual
contributions of the cement and the bituminous binders towards the total strength gain of the material.
The costs that may be covered by the C&CI are summarized in Table 6.

Table 6: Cost to be covered by C&CI

Rupture tests 3 UCS tests R  750.00
3 ITS tests R 300.00

6 beam tests R 3600.00

Triaxial tests 16 static tests R 12 000.00

24 dynamic tests R 26 400.00

Total cost of testing | R 43 050.00

Percentage of total specialized testing cost 24.3%

HR cost | R 161 000.00

Proportion of HR cost allocated to C&CI funding | R 40 000.00

Total cost allocated to C&CI funding | R 83 050.00

VAT | R 11 627.00

Funding required from C&CIl | R 94 677.00 (R 95 000)

PROJECT SCHEDULE
The table below provides a preliminary schedule for the project. The completion of the project by the
end of the 2000/2001 financial year will depend on the timely approval of the project.

Week 1 Week 2 Week 3 Week 4 Week 5
June 2000 Sampling, developing briefs and standard testing
July 2000 Static triaxial
August 2000 Dynamic triaxial
September 2000 ‘ Dynamic triaxial
October 2000 Dynamic triaxial Data processing

November 2000

Data processing Data

processing and report

December 2000

| Data processing and report

January 2001

Report

February 2001

March 2001

No work planned
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PROJECT PROPOSAL

20 February 2001
Mix Design Optimisation for Materials from Road P243/1

BACKGROUND

The Gautrans Department of Public Works is currently undertaking projects to investigate the use of
cold treatment processes with deep in-place recycling technology for the rehabilitation of roads. A
research project utilising laboratory tests is investigating the performance of these mixes in support of
Heavy Vehicle Simulator tests. This proposal describes additional laboratory work as an extension of
the existing project to investigate the performance of an optimised mix design for foam treated
materials.

PROBLEM STATEMENT AND MOTIVATION

The foam treated materials being used in the HVS and laboratory test studies contain 1.8 percent
residual binder. At a workshop discussing foam-treated asphalt on 29 January 2001, some provinces
and consultants expressed the opinion that this is insufficient binder. Increasing the residual binder
content to approximately 3 percent improves the performance of the mix and provides increased
benefit from the investment. This proposal discusses an additional study to complement the existing
projects and specifically to investigate the performance of the material at an optimised binder content.

Laboratory tests on specimens prepared at the optimum binder content will be compared with test
data obtained from the existing laboratory study. This study includes a foam treated material with 1.8
percent residual binder content and 2 percent cement.

METHODOLOGY

A mix design using the parent material from Road P243/1 and foamed asphalt will be performed using
the guidelines that will be recommended to Gautrans. Mixes using the ferricrete from Road P243/1
will be prepared at four residual binder contents, 2, 3, 4 and 5 percent and 1 percent cement.
Following a recommendation from Professor Kim Jenkins, after compaction the mixes will be cured at
ambient temperature until they reach the equilibrium moisture content. Thereafter, they shall be
cured in an oven at 40°C for 72 hours. The mixes will be subjected to indirect tensile tests (ITS) in
both the wet and dry condition. The optimum binder content will be that at which the indirect tensile
strength is the highest.

Further specimens shall be prepared at the optimum binder content and subjected to permanent
deformation and fatigue testing. Static triaxial tests determine the shear strength parameters,
dynamic triaxial tests determine the resilient response and the permanent deformation and shear
failure potential of the material. Four-point beam fatigue tests determine the flexural stiffness and
strength of the material.

PROJECT DELIVERABLES
The project deliverables will be included in the project report containing the laboratory test results on
the ferricrete from Road 243/1 and the three treatment options. The report will recommend whether
the lower (1.8%) or higher (approximately 3%) binder content optimises the performance of the foam
treated mix, based on the laboratory test results. The results in the project report will include:
1. Elastic stiffness models for the material with different treatments, including the
optimised foam treated mix. Suggested stiffness input values for pavement design



will be derived from these models.

2. Permanent deformation and shear failure models for the estimation of the bearing
capacity of the treated materials. These models will provide the starting point for the
development of design models but will have to be expanded in future to include a

wider spectrum of parent materials.

3. Flexural strength parameters for the treated materials that will enable a comparison
with conventional road building materials such as lightly cemented materials.

BENEFIT TO THE ROAD AUTHORITY

The performance of the mix at the currently used, lower binder contents, and at the higher optimised
binder content will be compared. This should provide the Road Authority with data from which to
determine which binder content maximises the performance of the mix and should therefore be used

in the foamed asphalt mixes.

PROJECT TEAM

The proposed manning for the laboratory test programme is as follows:

Team leader: Mr HL Theyse
Technical support: Dr FM Long
Mr C Fisher

Laboratory technicians: Mr S Sekhatle
Mr N Masango

ESTIMATED COST

The tables below provide cost estimates for the various components of the project. A contingency
amount is included in the project cost as the dynamic triaxial tests will run during the night. If there is
excessive differential deformation of the sample, extensive damage may be caused to the equipment.

Table 1: Mix Design
Quantity | Unit Price Total Cost
Foaming, 42kg sample 1 R 760.00 R 760.00
ITS Test, wet and dry 6 R 150.00 R 900.00
Bulk relative density 6 R 85.00 R 510.00
Binder content 1 R 230.00 R 230.00
Total cost per binder content R 2400.00
Total cost for 4 binder contents (2, 3, 4, 5% residual binder) R 9600.00
Table 2: Tests on the Optimised Mix
Quantity | Unit Price Total Cost
Foaming, 42kg sample 12 R 760.00 R 9120.00
UCS Test 3 R 125.00 R 375.00
Static triaxial test 16 R 750.00 R 12000.00
Dynamic triaxial test 24 R 1200.00 R 28800.00
Static four-point beam test 6 R 600.00 R 3600.00
Total cost R 53895.00




Four static triaxial tests will be done at each combination of two levels of density and two levels of
saturation resulting in 16 tests. Each of the four tests are done at a different confining stress. Two
dynamic triaxial tests will be done at three stress levels for each of the four density/saturation
combinations, giving 24 dynamic triaxial tests. Both dynamic tests are done at a different confining
stress.

Table 3: Human Resource Cost for Supervision and Value Addition
Task Person Rate Hours Cost
Sample preparation and laboratory F M Long R350.00 16 R 5,600.00
test supervision
Data processing and analysis F M Long R350.00 24 R 8,400.00
HL Theyse | R350.00 8 R 2,800.00
Report F M Long R350.00 24 R 8,400.00
H L Theyse | R350.00 8 R 2,800.00
Total human resources cost | R 28,000.00

Table 4. Total Project Cost

ltem Cost

Mix design R 9,600.00
Tests on the optimized mix R 53,895.00
Human resource cost R 28,000.00

Total (excluding VAT) R 91,495.00
VAT (14%) R 12,809.30
Project Cost | R 104,304.30

PROJECT SCHEDULE
The table below provides a preliminary schedule for the project. The project will only be completed in
the 2001/2002 financial year because of the time required to complete the laboratory testing.

Week 1 Week 2 Week 3 Week 4 ‘ Week 5
Mix Design
Specimen prep UCS, Beam tests ‘ Static triaxial
Dynamic triaxial
Dynamic triaxial Data processing ‘ Report
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PROJECT PROPOSAL —~ADDENDUM

8 May 2001
Mix Design Optimisation for Materials from Road P243/1

The initial cost estimates for this project were determined assuming the preparation of the foamed
asphalt treated specimens would be prepared at SRT. SRT was unavailable for this work, and
therefore SIMLAB from Bloemfontein were contracted. SIMLAB brought the foaming apparatus to
Transportek in Pretoria, and all specimens were prepared in the Transportek laboratory. This
addendum gives the revised costs for the laboratory work.

REVISED ESTIMATED COST

The tables below provide cost estimates for the various components of the project. A contingency
amount is included in the project cost as the dynamic triaxial tests will run during the night. If there is
excessive differential deformation of the sample, extensive damage may be caused to the equipment.

Table 1: Mix Design
Quantity | Unit Price Total Cost
ITS Test, wet and dry 6x4 R 150.00 R 3600.00
Bulk relative density 6x4 R 85.00 R 2040.00
Binder content 1x4 R 230.00 R 920.00
Foaming - SIMLAB R 11844.69
Foaming—Transportek Laboratory R 1500.00
Expansion Ratio Tests 2 R 300.00 R 600.00
Total cost for 4 binder contents (2, 3, 4, 5% residual binder) R 19004.69
Table 2: Tests on the Optimised Mix
‘ Quantity ‘ Unit Price Total Cost
Foaming - SIMLAB R 8548.20
Foaming—Transportek Laboratory R 3500.00
Penetration 2 R 95.00 R 190.00
Ring and Ball 2 R 135.00 R 270.00
UCS Test 3 R 125.00 R 375.00
Static triaxial test 16 R 750.00 R 12000.00
Dynamic triaxial test 24 R 1200.00 R 28800.00
Static four-point beam test 6 R 600.00 R 3600.00
Total cost R 57280.20

Four static triaxial tests will be done at each combination of two levels of density and two levels of
saturation resulting in 16 tests. Each of the four tests are done at a different confining stress. Two
dynamic triaxial tests will be done at three stress levels for each of the four density/saturation
combinations, giving 24 dynamic triaxial tests. Both dynamic tests are done at a different confining
stress.



Table 3:

Human Resource Cost for Supervision and Value Addition

Table 4:

Task Person Rate Hours Cost
Sample preparation and laboratory F M Long R350.00 16 R 5,600.00
test supervision
Data processing and analysis F M Long R350.00 24 R 8,400.00
HL Theyse | R350.00 8 R 2,800.00
Report F M Long R350.00 24 R 8,400.00
H L Theyse | R350.00 8 R 2,800.00
Total human resources cost | R 28,000.00
Total Project Cost
Iltem Cost
Mix design R 19,004.69
Tests on the optimized mix R 57280.20
Human resource cost R 28,000.00
Total (excluding VAT) | R 104,284.89
VAT (14%) R 14,599.88
Project Cost | R 118884.77




APPENDIX B: EXCERPTS FROM THEYSE, 2000°

CR 2001/32: Laboratory Testing for the HVS Sections on Road P243/1 Appendix B



Confidential Contract Report CR-99/038

June 2000
RESTRICTED Contract Report CR-99/038
Laboratory design models
for materials suited to
labour-intensive
construction

Volume I|: Report
H L Theyse
Programme Transport Infrastructure
Programme Manager . B MJA Verhaeghe
Technical Review : S V Kekwick
PREPARED FOR PREPARED BY
The South African Gauteng Provincial TRANSPORTEK, CSIR
National Road Agency Government, Department PO Box 395
Limited (North) of Transport and Public Pretoria 0001
Private Bag X5 Works (GAUTRANS), Tel +27 12 841 2905
Alkantrant 0005 Directorate: Design Fax +27 12 841 3232

Private Bag X3
Lynn East 0039



DOCUMENT RETRIEVAL PAGE Report No: CR-99/038

Title: Laboratory design models for materials suited to labour-intensive construction

Author: H L Theyse

Laboratory team: J Marima, N Masango, S Sekhatle

Client: Client Report No: Date: Distribution:
Gauteng Department June 2000 Restricted

of Transport and
Public Works and the
South-African National
Road Agency

Project No: TRCO09 OE2: 9476 ISBN:

Abstract: Several experimental pavement sections were built by labour-intensive methods on
Road 2388 and the N1-28. The lack of structural design models for the material used
in the base layers of these sections prompted the research project documented in this
report. Permanent deformation structural design models, incorporating the effect of
saturation and relative density, were developed from static and dynamic triaxial tests
for these materials . The validity of these models was confirmed with Heavy Vehicle
Simulator (HVS) test results. Problems associated with the current procedure for the
mechanistic-empirical design of unbound pavement layers were identified during the
model validation process.

Recommendations are made regarding the density specification for Premamix and
waterbound macadam material with the aim of optimizing the bearing capacity of
these materials at realistic density levels. It was found that static strength parameters
are not sufficient indicators of performance under dynamic loading when comparing
different materials. Optimizing the static strength parameters for a particular material
by achieving maximum density and keeping the material dry did, however, optimize
the performance of the material. None of the unbound materials suited to labour-
intensive construction, which were tested, seem to have the same bearing capacity
potential in terms of permanent deformation performance as a conventional crushed
stone base layer.

The performance of the materials that were tested was closely correlated to the
saturation level of each material. It is therefore recommended that a permeability
specification should be developed for unbound pavement base layers.

Keywords: Labour-intensive construction, structural design, bearing capacity, permanent
deformation, triaxial testing.

Proposals for implementation:

Related documents (eg software, interim or other reports, working drawings etc):

Signatures:

S Kleyn S V Kekwick B M J A Verhaeghe A van der Merwe
Language editor Technical Reviewer Programme Manager Info Centre




TABLE OF CONTENTS

CONTENTS OF VOLUME | PAGE
1. INTRODUCTION ..ttt e e e e e e 11
11 Background to the Project . . ... . 1.1

1.2 Technical Background . ......... ... 1.2

2. THEORY AND TEST PROCEDURES . ... .. e 2.1
2.1 The Formulation of a Conceptual Permanent Deformation Model ............. 21

2.2 Derivation of the Formula for the StressRatio ............ ... ... ... .... 2.2

2.3 Mathematical Regression Models . ............ ... . . . . . i 25

2.3.1 Exponential-linear function . .......... ... . .. 2.6

2.3.2 Hyperbolic-linear function .. ......... .. ... . . . 2.6

2.3.3 Double exponential function .. ........... . .. .. . 2.7

24 TeSt ProCedUIeS . . .o 2.8

241 Thestatictriaxial test ... ... 2.8

242 Thedynamictriaxialtest ... ....... ... . i 211

2.4.3 The static four pointbeamtest ........ ... ... . .. . .. 2.14

3. LABORATORY TESTING . . .ottt e e e e e e 3.1
3.1 Experimental Design . . ... 3.1

3.1.1 Representative density and moisture conditions .................... 3.1

3.1.2 Test variable combinations and sample preparation ................. 3.2

3.2 TeSt RESUIS . ... 3.5

3.2.1 The static triaxial testresults . ......... ... .. .. . . i 3.5

3.2.2 Thedynamic triaxial testresults . ........... ... ... .. . . .. 3.25

3.2.3 The four pointbeamtestresults .. ......... ... ... .. .. . . ... 3.45



DESIGN MODELS AND BEARING CAPACITY ESTIMATES ......... ... ... ... ... 4.1

4.1 Regression Analysis of Permanent DeformationData ...................... 4.1
4.2 Design Models .. ... e 4.15
4.3 Bearing Capacity Estimates ............. i e 4.25
4.4 Discussion of the laboratory results and design models . ................... 4.33

4.4.1 Laboratory characterization of resilientresponse .................. 4.33

4.4.2 Laboratory characterization of permanent deformation response . .. ... 4.36
CONCLUSIONS AND RECOMMENDATIONS ... .. e 51
REFERENCES . . .. 6.1

Appendix A: Project Proposals

Appendix B: Sample Preparation Data

CONTENTS OF VOLUME I

Appendix C: Static Triaxial Test Results
Appendix D: Dynamic Triaxial Test Results

Appendix E: Back-calculation results for the HVS tests



11

INTRODUCTION

Background to the Project

The research presented in this document forms one component of a project that aims to assess
the viability of the labour-intensive construction of pavement base layers. Two of the important
aspects that determine the success of labour-intensive road construction are the structural
bearing capacity of the pavements built by using these techniques and the availability of
structural design models for these pavements. Accelerated Pavement Testing (APT) istheideal
tool for investigating the structural behaviour and assessing the bearing capacity of pavement
structures over a realistic time period. The base layers of several experimental pavement
sections were therefore constructed® on Road 2388 by labour-intensive means for the purpose
of Heavy Vehicle Simulator (HVS) testing. The materials used in these base layers consisted
of the following:

. Waterbound macadam (WM)

. Composite macadam (CM)

. Premamix (Premamix is an ash waste product from SASOL)
. Crushed stone

. Emulsion-treated natural gravel (ETG)

. Emulsion-treated Premamix (ETP)

In addition to the above experimental sections, the South-African National Roads Agency
Limited (SANRAL) also used a waterbound macadam base layer on national route N1-28 on
which two HVS tests were done. These test sections from Road 2388 and the N1-28 formed the
basis for a comprehensive research programme on labour-intensively constructed pavement
base layers.

Although some of the materials listed above, such as the waterbound macadam, are often used
in road construction, very little information regarding the structural design of these base layer
types is available. HVS testing is one way of assessing the performance of these materials and
generating the data from which structural design models may be developed. HVS testing is,
however, expensive and it was therefore decided to investigate the potential of developing
design models from laboratory testing and then to validate these models with a few HVS tests.
The advantage of such an approach is that the laboratory models may be developed over a
controlled range of values for certain variables such as density and moisture content. These
variables would be easier to control under laboratory conditions than under HVS testing. The
purpose of HVS testing then becomes the verification of the laboratory design models and the
amount of money required for HVS testing is reduced. This document reports on the laboratory
testing and the development of laboratory based design models for the materials listed above.
Appendix A contains copies of the proposals for the research which was jointly funded by
GAUTRANS and SANRAL.
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The approach followed has been to assess the applicability of the design models in the current
South African Mechanistic Design Method? to the design of layers consisting of these materials
and, if these are found to be inappropriate, to develop the necessary design models from
laboratory testing. Bearing capacity estimates from existing design models contained in the
SAMDM were unrealistic and more accurate design models had to be developed. The
emphasis of this report is therefore on the development and HVS verification of a new set of
laboratory design models for these materials.

1.2 Technical Background

Any mechanistic-empirical design procedure such as the SAMDM consist of two components.
The first component is the structural analysis component requiring some characterization of the
elastic response of the pavement materials to loading. The second component is the distress
model developed from empirical data, also referred to as a transfer function. These distress
models or transfer functions are developed for specific modes of distress such as cracking or
permanent deformation and are related to the stress or strain at a critical location in the
pavement layer. The value of the critical stress parameter, calculated from the structural
analysis component, serves as input to the transfer function from which a bearing capacity
estimate is obtained for the particular material type and mode of distress. In the case of the
permanent deformation mode of failure, the model reflects the plastic response of the system.
The successful development of a structural design method for the materials under investigation
will therefore depend on the successful characterisation of both the elastic and plastic response
of these materials.

The most commonly used elastic response model is the linear elastic multi-layer model,
requiring Young's modulus and Poisson’s ratio as input parameters. The structural analysis
model is more sensitive to changes in the stiffness moduli of the materials than it is to changes
in the Poisson'’s ratios of the materials. Estimates of at least the effective stiffness moduli of the
materials investigated are therefore required for the purpose of structural design. These
estimates were obtained from the laboratory work and compared to effective stiffness moduli
back-calculated from HVS test results.

The mode of distress and hence the distress model for a pavement material, is determined by
the nature of the material. The materials listed in the previous section may be classified as being
either an unbound or a weakly bonded material for the purpose of mechanistic design. The
crushed stone, waterbound macadam and Premamix layers are unbound, granular materials.
The emulsion-treated Premamix and emulsion-treated natural gravel are weakly bonded
materials that seem to be similar to a lightly cemented material. The primary mode of structural
distress of an unbound (granular) layer is permanent deformation. However, in addition to the
permanent deformation of a bonded layer, the stiffness of such a layer will decrease under
repeated loading. This mode of failure of a brittle, weakly bonded layer is referred to as the
effective fatigue® of the layer as opposed to the fatigue of a strongly bonded, viscous material
such as asphalt concrete.

CR-99/038: Introduction 1.2



Two different types of design models are therefore required. Permanent deformation design
models capturing the plastic response of the unbound and bound materials are required. In
addition to the plastic response models, effective fatigue design models are required for the
weakly bonded materials.

The effective fatigue life transfer functions® included in the SAMDM estimate the number of
repetitions that a weakly bonded material can sustain until the stiffness of the material reduces
to values comparable to that of a granular material. These transfer functions are based on the
premise that the breakdown of the bound material is related to the applied tensile strain at the
bottom of the bound layer and the maximum tensile strain that the material can sustain. The
strain at break, €, of the bound material (measured with the static four point beam test) is used
as the material strength input parameter for these transfer functions. The emulsion-treated
Premamix and emulsion-treated natural gravel were therefore tested in the static four point
beam test to obtain the strain at break values for these materials. The assumption was made
that the effective fatigue life transfer functions developed specifically for cement-treated material
from the SAMDM may apply to these materials. This assumption was tested with HVS results.

The safety factor design transfer function included in the SAMDM is aimed at limiting the shear
stress in unbound materials to levels that will not induce excessive permanent deformation of
these materials. The safety factor method requires the cohesion, C, and internal friction angle,
@, of the granular material as input parameters. According to the safety factor model*®, the
amount of permanent deformation of a granular material will depend on the ratio between the
applied or working shear stress and the maximum shear stress that a particular granular
material can sustain at a specific confining pressure. Instead of using shear stresses, the safety
factor may also be defined in terms of the working and maximum principal stresses. These two
different formulations lead to slightly different numerical values being calculated for the safety
factor but the differences are of little practical consequence. The stress ratio, defined as the
reciprocal of the safety factor, may also be used in design models. The derivation of the safety
factor and stress ratio will follow in a later section.

The concepts of working stress, maximum stress and the stress ratio are graphically
represented by the two M&hr stress circles as shown in Figure 1.1.

The maximum stress that can be sustained at a particular confining pressure will be determined
by the Mohr-Coulomb failure envelope of the particular material. The permanent deformation
of a granular material therefore depends on the size of the Mohr stress circle representing the
applied stress (magnitude of the applied stress) and how far away the stress circle is from the
Mohr-Coulomb failure envelope.

The fact that only one safety factor transfer function is supplied by the SAMDM implies that this
transfer function should be used for the design of all granular layers. Such a unique relationship
between the calculated safety factor and the bearing capacity estimate for different granular
materials means that:

. Two different granular materials, subjected to stress conditions that will result in the
same value of the safety factor (or stress ratio) being calculated for both cases, will
have the same permanent deformation.
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. Two samples from the same granular material, subjected to two different stress
conditions that will result in the same value of the safety factor (or stress ratio) being
calculated for both cases, will have the same permanent deformation.
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Figure 1.1: M&hr stress circle representation of the stress ratio concept

The safety factor transfer function included in the SAMDM was, however, developed from static
and dynamic triaxial testing of well graded crushed stone samples. The validity of this model
with respect to the design of other unbound materials has not been verified. The applicability
of the safety factor model to the design of pavement layers consisting of the materials used in
this study, using the measured static shear strength parameters of these materials as input
parameters, was therefore investigated.

In addition to the safety factor approach to the design of granular base and subbase layers,
Wolff® developed what he referred to as S-N curves for the design of granular layers. These
design models relate the number of load repetitions (N) to the stress level (S) for different levels
of permanent deformation or plastic strain. Wolff used the bulk stress, 6 = g, + 0, + 0; where
0, , 0, ,and o, are the major, intermediate and minor principal stresses respectively as a critical
stress parameter instead of the safety factor. The S-N models allow for different levels of
permanent deformation of granular layers to be incorporated in the design models whereas
previously only the terminal distress condition was considered.

Theyse’ extended the work of Wolff and formulated multi-dimensional permanent deformation
models. In this approach, the amount of permanent deformation which is the dependent
variable, is determined by the values of the two primary independent variables, namely the
stress condition and the number of load repetitions, and the secondary independent variables
such as density and moisture content. Using HVS data, Theyse calibrated the conceptual 3-
dimensional permanent deformation model for pavement subgrades for the two primary
independent variables.
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The laboratory-derived permanent deformation design models presented in this document
combine aspects from the safety factor or stress ratio approach with the S-N and multi-
dimensional transfer function formulation. The validity of the laboratory models was verified with
HVS test results. A fair agreement was achieved between the bearing capacity estimates from
the laboratory models and HVS test results. Deficiencies in the current SAMDM procedures for
estimating the bearing capacity of unbound materials were also identified in the process.
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2.1

THEORY AND TEST PROCEDURES

The theoretical concepts and test procedures that will be discussed include the following:

. The formulation of the multi-dimensional approach to permanent deformation design
transfer functions.

. The derivation of the formula for calculating the stress ratio from the applied shear
stress and static shear strength parameters of materials.

. The mathematical models that are used for the regression modelling of permanent
deformation data at constant stress levels.

. The laboratory tests that were used including the static triaxial, four-point beam and
dynamic triaxial test.

The Formulation of a Conceptual Permanent Deformation Model

The traffic-associated permanent deformation of a pavement layer will be determined by a
number of factors. Of these the two critical factors will be the number of load applications and
the stress level at which the load is applied. Obviously no traffic-associated permanent
deformation will occur if no load is applied, nor if the stress condition imposed by the traffic load
is zero. The number of load repetitions and the stress level at which the load repetitions are
applied are therefore referred to as the primary independent variables influencing the value of
the dependent variable, permanent deformation. Therefore any permanent deformation model
must include at least these two independent variables. The most basic permanent deformation
model, according to this formulation, is therefore a three-dimensional model including the
variables permanent deformation, stress condition and the number of load applications. Figure
2.1 contains a graphical representation of such a conceptual permanent deformation model.

Dependent Variable
Permanent Deformation

A

Independent Variable, Number of Load Applications

Figure 2.1: The basic 3-dimensional permanent deformation model
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In addition to the two primary independent variables, secondary independent variables such as
the moisture content and density of unbound materials, the temperature of bituminous materials
and the material’s resistance to deformation will also influence the development of permanent
deformation. These variables will influence the height of the 3-dimensional surface shown in
Figure 2.1 above the Number of load repetitions and Stress level plane (S-N plane). Theyse’
calibrated the basic model for pavement subgrade design, using HVS data. The research
reported on in this document attempts to develop similar models for the design of the materials
suited to labour-intensive construction, with the introduction of density and moisture content as
additional secondary independent variables.

The full three-dimensional design model is not very convenient to use in normal design
applications. Contour lines at constant, predetermined levels of permanent deformation may
be projected onto the S-N plane. These contour line serve as useful design transfer functions
and are, in essence, similar to conventional design transfer functions used in mechanistic-
empirical design procedures.

The development of these design transfer functions requires:

. The selection of an appropriate critical stress parameter that correlates best with the
permanent deformation of the material. This parameter will then represent the stress
condition.

. The correlation of the permanent deformation with the number of load applications

applied at a constant value of the selected critical stress parameter.

These two aspects will be addressed in the following sections where the derivation of the
formula for the stress ratio and selected mathematical regression functions are presented.

2.2  Derivation of the Formula for the Stress Ratio
Figure 2.2 contains a graphical illustration of the Méhr-Coulomb stress circle, failure envelope
and shear strength parameter concepts. The definitions of the parameters are as follows:
o} = principal stress (kPa)
T shear stress (kPa)
0] = internal angle of friction (°)
C cohesion (kPa)
o," = maximum allowable major principal stress for given ¢, C and o, (kPa)
o,"oro/? = working or applied major principal stress (kPa)
O, = minor principal stress or confining pressure (kPa)
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Figure 2.2: M6hr-Coulomb stress circle, failure envelope and shear strength
parameter concepts
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The trigonometric identity for the tangent function of half angles is:

S] 1 - cosb
tanz_ = -~ 7= -
2 1 + cosB (3)

Therefore
tan?2 90° + @] _ 1 - cos(90° + @) @)
2 1 + cos(90° + @)
but cos(90° + @) = -sing® (5) and equation (4) becomes:
tan?[ 2° @) _ 1~ s?ncp (6)
2 1-sing

From equation (6) it also follows that
tan 90"+ 9) . * l+sne s!ncp (7
2 1-sing

and because

cos?@ +sin?¢p =1

cos?@ =1 - sin?¢

= (1 -sing)(1 + sing) (8)
(1 4 si ___cos’g
~(1 + sing) —(1 s o)

equation (7) becomes

o 2
tan(go 2+ cp] -+ cos“ @ .
(1 - sing)
9)

cos @
1 - sing)

By substituting equations (6) and (9) in equation (2) the maximum allowable major principal
stress is obtained:

oy = ogtanz( 45° + %] + 2Ctan[45° + %) (10)
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The Stress Ratio, SR, may be formulated in terms of the applied major principal stress, o,% and
the maximum allowable major principal stress, o,™

SR’ = % = J
Om 2 o (P o (P (11)
1 oztan<| 45° + £ | + 2Ctan[ 45° + £
2 2
or in terms of the applied and maximum allowable deviator stress
SR:0?_03: 01 - Oy
(12)

m
O -~ 0s og(tan2(45° + %] - 1) + 2Ctan(45° + %)

These two formulations of the stress ratio result in slightly different calculated values for the
stress ratio. The differences are, however, of little practical consequence. The formulation
given in Equation (12) has been used for the analysis of the dynamic triaxial test data in this
report. Equation (12) is convenient for the analysis of triaxial test data as the deviator stress is
measured directly as one of the output parameters of the test.

Equation (12) is the inverse of the Factor of Safety (FoS) derived by Maree*. Theoretically, the
stress ratio should have a maximum value of 1 in which case the applied deviator stress will
equal the static shear strength of the material and shear failure will occur in a single load
application. It is, however, possible to do dynamic tests at stress ratio levels equal to and
slightly higher than one because of the short loading time that prevents large shear movement
per load cycle. At these stress levels, the permanent deformation of the sample accumulates
rapidly (exponentially) under very few load applications to the point where the pavement layer
would be classified as having failed structurally.

2.3 Mathematical Regression Models

During any dynamic permanent deformation test, either in the laboratory, such as the dynamic
triaxial test, or in the field, such as an HVS test, the intent is to maintain a constant applied
stress value. The increase in permanent deformation is then recorded with an increasing
number of load applications at that constant level of applied stress. This procedure is repeated
at several different stress levels to establish a relationship between permanent deformation and
the stress condition. The development of permanent deformation models from such data
requires that the relationship between the permanent deformation and the number of load
applications be expressed mathematically. This is achieved by using appropriate mathematical
functions in a regression analysis of the data.

The permanent deformation results from the HVS testing, as well as dynamic triaxial testing,
may be separated into a number of distinct phases. Initially the permanent deformation
increases rapidly with an increasing number of load applications. This phase is referred to as
the bedding-in phase. This is normally followed by a stable phase during which the permanent
deformation will increase at a linear rate with increasing load applications. In some cases a third
phase, during which there is an exponential increase in the accumulation of permanent
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deformation, may be entered. This third, unstable phase occurs if the applied stress ratio
approaches unity but may occur at lower values for certain materials depending on the degree
of saturation. If this phase is not entered early during the test, it very seldom occurs later during
the test unless there is a significant change in the test conditions. Mathematical functions that
can accommodate these different phases are therefore required for modelling purposes. This
section describes several mathematical functions that may be used for this purpose and their
characteristics. The following definition of variables will be used throughout this section.

PD = Permanent Deformation (mm)
N = Number of load applications
All other letters represent regression coefficients.

2.3.1 Exponential-linear function

Equation (13) contains a mathematical function that will allow for two behavioural phases, as
illustrated in Figure 2.3.

PD = mN +a(1 - e ™) (13)

PD 1
Initial slope = ab o -
a
a(l- gPN )
Curvature
Bedding-in T
displacement T
Eventual
R 1 slope =m
mN

N

Figure 2.3: lllustration of the exponential-linear function

The function given by Equation (13) has an initial slope equal to the product of the two
regression coefficients a and b, a curvature determined by the value of b and an eventual linear
slope equal to the regression coefficient m. The bedding-in portion of the permanent
deformation is represented by the regression coefficient a.

2.3.2 Hyperbolic-linear function

Equation (14) contains a mathematical function that will allow for two behavioural phases, as
illustrated in Figure 2.4.

o (14)
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Figure 2.4: lllustration of the hyperbolic-linear function

The function given by Equation (14) has an initial slope equal to the regression coefficient c,
a curvature determined by the value of b and an eventual linear slope equal to the regression
coefficient m. The bedding-in portion of the permanent deformation is represented by the
regression coefficient a. In contrast to the previous function, the initial slope of this function is
determined by the regression coefficient ¢ which is independent of the other regression
coefficients. The initial slope may therefore be controlled separately which leads to more
flexibility in modelling.

2.3.3 Double exponential function
Equation (15) contains the mathematical function illustrated in Figure 2.5. In this instance, a
third unstable phase during which the permanent deformation will increase exponentially, is
allowed for. Q and A are two regression coefficients.

PD = Qed™ - Ae®™ - Q +A (15)

PD

Eventual curvature

Height

Bedding-in Initial curvature

displacement
A

Figure 2.5: lllustration of the double exponential function

The initial curvature of the function given by Equation (15) is determined by the value of the
regression coefficient b, the bedding-in deformation is determined by A, the eventual curvature
by d and the height by Q.
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Test Procedures

Two types of test apparatus were used for the laboratory study, namely the triaxial test
apparatus and the static four-point beam test apparatus. The triaxial test apparatus was used
in two test procedures, firstly as a static failure test to determine the shear strength parameters
of the materials and secondly for testing the permanent deformation of the materials under
repeated loading in the dynamic triaxial test. The static four point beam test was used for
measuring the strain at break of the emulsion-treated materials. These test methods are
discussed briefly.

The static triaxial test

The basic setup of the static triaxial test is illustrated by the photograph in Figure 2.6. The
triaxial cell used at Transportek can accommodate a sample with a diameter of 150 mm and a
height of 300 mm. The confining pressure in the cell may be set between 0 and 200 kPa by air
pressure. The sample is loaded via a hydraulic loading ram from the top. The loading ram
incorporates a load cell for recording the applied load and a Linear Variable Displacement
Transducer (LVDT) for recording the displacement of the loading ram. Once a sample is set up
in the triaxial cell, the air pressure in the cell is increased to a predetermined value, which is
maintained for the duration of the test to provide the confining stress, o,.

The load is applied at a constant displacement rate (2 mm per minute) and the magnitude of the
load and the displacement of the loading ram is recorded electronically. The recorded load and
deformation may be used to calculate the deviator stress (o, = 0, - 0,) applied to the sample and
the vertical uniaxial strain of the sample. A typical stress-strain curve from a static triaxial test
is shown in Figure 2.7(a). The data from the plot in Figure 2.7(a) may be used to calculate the
slope of the stress-strain curve which represents the stiffness modulus of the sample. Figure
2.7(b) shows the secant stiffness modulus calculated from the data in Figure 2.7(a) for the
duration of the test.

The static triaxial test is, however, better known for determining the shear strength envelope or
Mohr-Coulomb failure envelope of granular materials. This is done by doing a number of static
triaxial tests at different confining pressures. The peak stress that the sample can sustain at a
particular confining pressure is obtained from the turning point on the stress-strain graph and
will be referred to as the yield stress, o, in this report. By plotting the Mohr stress circles
associated with the different confining pressure values and their respective yield stress values,
a failure envelope may be obtained from the tangent drawn to the Mohr stress circles. Another
way of obtaining the shear strength parameters is by using the transformation of the variables
given in Equation (16).

(01+03),q:

Pt T2 (o)

The shear strength parameters C and ¢ may be calculated according to Equation (17) from the
slope, S and the offset, | of the linear regression of the variables p and g in the p,g-plane.

¢ = arcsinS, C = Ixsec¢ a7)
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Figure 2.6: Photograph of the triaxial

test setup
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Figure 2.7: A typical result from the static triaxial test

The prerequisite for plotting the Mohr stress circles of the triaxial test data is that the stresses
applied to the sample should be principal stresses. It is therefore necessary to consider the
stress path imposed on the sample and the stress distribution throughout the sample in the
triaxial test. Once the sample has been set up and the pressure increased in the cell, a uniform
equal-all-round stress, equal to the air pressure in the cell, is applied to the sample from all
directions. The vertical and horizontal stresses are therefore equal to the confining pressure
and the major and minor principal stresses coincide with the vertical and horizontal stresses.
This situation is illustrated in Figure 2.8(a).
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An increasing vertical load is then applied to the sample via the top load plate and loading ram.
The vertical stress on the sample is therefore increased, causing a shift in the major principal
stress, away from the minor principal stress, until the maximum stress that the sample can
sustain at the specific confining pressure is reached. The Mohr circle stress path for this
situation is illustrated in Figure 2.8(b).

Shear stress, T
Méhr-Coulomb failure envelope

Internal friction
angle , ¢

—
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—
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) Principal stress, O
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o, = Minor principal stress = confining pressure

(a) First step in the stress path of a static triaxial test - increasing the cell
pressure

Shear stress, T

Mohr-Coulomb failure envelope

Internal friction
angle , ¢

Deviator stress, o, = g, - 04
/

Cohesion, C Principal stress, O

c m
03 01
Increasing applied vertical stress

0,° = Minor principal stress = confining pressure

0, = Maximum major principal stress

(b) Second step in the stress path of a static triaxial test - increasing the
vertical stress

Figure 2.8: Mohr stress circle representation of the stress path for a
static triaxial test

The major and minor principal stresses do not, however, coincide with the vertical and horizontal
stresses applied to the sample throughout the volume of the sample. The vertical stress that
is applied to the sample will cause a lateral expansion of the sample in addition to the vertical
strain of the sample. Atthe top and bottom load plates the friction between the load plates and
the sample will, however, prevent this lateral expansion, thereby causing horizontal shear
stresses to develop in the sample. The direction of the major and minor principal stresses in
the regions close to the top and bottom load plates will therefore not coincide with the direction
of the applied vertical and horizontal stresses. If the sample is tall enough, these shear stresses
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will dissipate towards the centre portion of the sample, as the lateral expansion is allowed to
take place. This situation is illustrated in Figure 2.9. The Mohr stress circle representation of
the major and minor principal stress conditions in the triaxial test sample is therefore only valid
within the middle portion of the sample. The depth to which the horizontal shear forces
propagate in the sample was investigated by Theyse® as part of a separate project and found
to be less than a third of the height of the sample.

Applied vertical stress

Frictional
shear stress
— 5

Shear stress
distribution

Uniform principle
stress region

Applied confining pressure

YYYYYYYYYYY

Deformed sample

AAAAAAAAAAAA

Figure 2.9: Stress distribution in a triaxial test sample

2.4.2 The dynamic triaxial test

The dynamic triaxial test is a repeated load test, where a load pulse with a magnitude below the
“static” strength of the material is repeatedly applied to the sample, with a short rest period
between the load pulses. The setup of the dynamic triaxial test is similar to that of the static
triaxial test, except for an additional set of LVDTSs that are normally fixed over the middle third
of the height of the sample. The elastic and permanent deformation of the sample is then
measured over the middle third of the sample. The influence of frictional shear forces and edge
displacement effects between the load plates and the sample are therefore eliminated.
Problems experienced with the movement of these sample-mounted LVDTs during testing
prompted modification of the system during the latter part of this project. The heavy bodies of
the LVDTs were fixed to the floorplate of the triaxial cell and the cores mounted on a hinged ring
near the top of the sample. This eliminated most of the problems associated with the on-sample
instrumentation.

A cyclic load with a load- and rest period of 0,2 seconds each was selected for this study. A set
of static triaxial tests was done at three or four different confining pressure levels. The
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maximum vertical load that the samples could sustain at each of the confining pressures was
recorded. The load magnitude for the dynamic tests was then set at different levels of the
maximum static load and the dynamic test run for 50 000 load cycles. The load-displacement
response of the sample was recorded in windows of three load cycles during various stages of
the dynamic tests. The displacement data from the loading ram LVDT and the two on-sample
LVDTs may be recorded. Figure 2.10 shows a plot of the basic load and displacement data
sampled during three load cycles of the a dynamic triaxial test.
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(b) Load-displacement hysteresis loops
Figure 2.10: Load and displacement data recorded during three load
cycles in the dynamic triaxial test

By combining all the data sampled during a dynamic triaxial test and plotting the load against
the displacement, the load-displacement hysteresis loops, as shown in Figure 2.11, were
obtained. Inspection of this plot reveals that the peak value of the applied load was maintained
at a value just below 10 kN and that the permanent deformation of the sample initially increased
rapidly and reached a value of about 1,3 mm at the end of the 50 000 load cycles. Spreadsheet
templates were developed to calculate and plot certain parameters from the dynamic triaxial test
data. Figure 2.12 shows a number of these plots. Figure 2.12(a) shows the peak value of the
cyclic deviator stress that was applied to the sample as well as the corresponding maximum
elastic strain of the sample. The elastic strain of the sample is calculated from the displacement
data recorded by the loading ram and on-sample LVDTs. The vertical elastic stiffness of the
sample was calculated from the stress and strain data shown in Figure 2.12(a) and is plotted
in Figure 2.12(b) for the duration of the test. The permanent deformation and permanent
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deformation rate of the sample as measured by the loading ram LVDT and the on-sample
LVDTS are shown in Figures 2.12(c) and (d). Plots similar to Figure 2.12(c) and (d) were also
produced for the plastic strain and plastic strain rate of the sample.
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Figure 2.11: Load-displacement hysteresis loops for the duration of
a dynamic triaxial test
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Figure 2.12: Calculated results from a set of dynamic triaxial test data
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The increase in stiffness of the sample seems to follow the same trend as the permanent
deformation response of the sample with areduction in the rate of increase for both the stiffness
and permanent deformation after 10 000 load cycles.

The static four point beam test

The static four point beam test shown in the photograph in Figure 2.13 was selected to measure
the strain at break for the emulsion-treated Premamix and emulsion-treated natural gravel
material.

Figure 2.13: Photograph of the static
four point beam test setup

Vertical loads are applied at two positions at a distance equal to one third of the length of the
beam, away from the edge of the beam. The test is done in controlled displacement mode and
the magnitude of the load is determined by the resistance of the beam as it is flexed. The
vertical displacement of the beam is measured on top of the beam by two LVDTS on the mid-
span of the beam, halfway between the loading points. The applied load and the vertical
displacement of the beam are recorded during the test. The vertical displacement and applied
load are used to calculate the horizontal stress and strain at the bottom of the beam from linear
elastic beam theory. A typical example of the stress-strain response measured during the static
four point beam test is shown in Figure 2.14.
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Figure 2.14: Typical stress-strain response measured during the static four point
beam test

The mathematical function given in Equation (18), with ¢ representing the stress and ¢
representing the strain, was fitted to the data from all the beam tests done for this project. The
first derivative of the function given in Equation (18) is given in Equation (19).

o = P(e® - e ) (18)

3o

- P(Qe 2 - De ) (19)

The turning point of the function, where the stress is a maximum, is obtained by setting the
derivative in Equation (19) equal to zero and solving for €. The solution for € is given in Equation
(20). The value obtained for € from this procedure represents the maximum strain that can be
sustained before failure of the sample and is the strain at break of the sample, ¢,.

In( —D)
e - _\Q (20)
b —_

(D -Q)

The first derivative of the stress-strain function, as given in Equation (19), also represents the
tangential bending stiffness, E, .., of the beam. The initial beam stiffness, E',,, may therefore
be calculated directly from Equation (19) by substituting €=0 in Equation (19), resulting in the
solution given in Equation (21).

Eibend =P(Q -D) (21)
By substituting the strain at break calculated from Equation (20) into the original function given

in Equation (18), the maximum stress o,,,, can be calculated. The effective stiffness of the
beam at failure may then be calculated by dividing o, by the strain at break ¢,.
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Summary Triaxial test data for the

Ferricrete

MDD: 1971
OMC: 12.5
ARD: 2.7770
Sample # | Dry density | Compaction Moisture Saturation | Confining Static test results Actual Actual
Content (MC) stress | Failure load | Failure stress | Stiffness Sigma 1 p q Cohesion and MC Dry density
(kg/cub m) (%) (%) (%) (kPa) kN (kPa) (MPa) (kPa) (kPa) (kPa) friction angle (%) (kg/cub m)
FCTO1 1870 67.3% 13 74.3% 20 3.7 204 224 122 102 8.01] 1932.511
FCT02 94.9 80 7.4 408 488 284 204 20.4 10.05| 2521.331
FCTO3 200 17.6 969 1169 684.5 484.5 43.1 11.61| 2319.856
FCT04 10.34| 2507.617
FCTO5 1870 67.3% 8 45.7% 20 4.0 220 240 130 110 7.43| 2478.236
FCTO06 94.9 80 8.2 450 530 305 225 374 7.59| 2475.024
FCTO7 140 12.2 672 812 476 336 39.7 7.23| 2487.459
FCT08 200 15.5 852 1052 626 426 8.13| 2464.365
FCTO09 2030 73.1% 10 75.5% 20 3.6 196 216 118 98 10.39| 2659.415
FCT10 103.0 80 8.3 457 537 308.5 228.5 31.0 10.97| 2637.954
FCT11 140 12.6 693 833 486.5 346.5 41.0 10.64| 2642.079
FCT12 200 15.9 878 1078 639 439 10.63| 2648.368|
FCT13 2030 73.1% 6 45.3% 20 11.3 622 642 331 311 6.59| 2665.778
FCT14 103.0 80 15.1 834 914 497 417 126.2 6.67| 2670.38
FCT15 140 18.5 1022 1162 651 511 40.1 6.89] 2659.396
FCT16 200 23.2 1280 1480 840 640 6.92| 2660.83
Sample # | Dry density | Compaction Moisture Saturation | Confining Dynamic test conditions Dynamic test results Actual Actual
Content (MC) stress Test load Test stress Stress | Plastic deform| PD rate Plastic strain PS rate MC Dry density
(kg/cub m) (%) (%) (%) (kPa) kN (kPa) Ratio (mm) (mm/million) (%) (%/million) (%) (kg/cub m)
FCT17 1870 67.3% 13 74.3% 80 1.6 88.1 0.20 8.5 1943.9
FCT18 80 4.4 242.3 0.55 7.8 1945.0
FCT19 80 7.2 396.4 0.90 8.7 1909.8
FCT20 140 2.5 140.0 0.20 9.0 1950.6
FCT21 140 7.0 385.0 0.55 12.9 1828.2
FCT22 140 11.4 630.1 0.90 5.5 1975.3
FCT23 1870 67.3% 8 45.7% 80 1.6 88.5 0.20 8.9 1831.0
FCT24 80 4.4 243.3 0.55 8.9 1829.4
FCT25 80 7.2 398.2 0.90 8.0 1850.8]
FCT26 140 2.4 130.9 0.20 9.3 1823.0
FCT27 140 6.5 360.0 0.55 5.5 1901.1
FCT28 140 10.7 589.1 0.90 8.2 1843.4
FCT29 2030 73.1% 10 75.5% 80 1.6 88.3 0.20 7.7 2006.3
FCT30 80 4.4 242.8 0.55 8.0 2040.5
FCT31 80 7.2 397.3 0.90 5.3 2060.0
FCT32 140 2.4 134.1 0.20 8.5 2006.2
FCT33 140 6.7 368.8 0.55 10.7 1946.4
FCT34 140 11.0 603.5 0.90 #DIV/0! | #DIV/O!
FCT35 2030 73.1% 6 45.3% 80 3.0 166.2 0.20 6.9 1984.0
FCT36 80 8.3 457.1 0.55 7.3 1983.0
FCT37 80 13.6 748.0 0.90 6.2 2040.2
FCT38 140 3.8 209.6 0.20 6.4 2030.2
FCT39 140 10.5 576.3 0.55 6.4 1993.0
FCT40 140 17.1 943.1 0.90 4.5 1996.6




Summary Triaxial test data for the

Cement treated ferricrete from Road 243/1

MDD: 1971

OMC: 12.5

ARD: 2.7770

Sample # | Dry density | Compaction Moisture Saturation | Cement | Confining Static test results Actual Actual
Content (MC) Content stress Failure load | Failure stress| Stiffness Sigma 1 p q Cohesion and MC Dry density
(kg/cub m) (%) (%) (%) (%) (kPa) kN (kPa) (MPa) (kPa) (kPa) (kPa) friction angle (%) (kg/cub m)
CTFO1 1870 67.3% 13 74.3% 2.0% 38 33.1 1826 259 1864.0 951.0 913.0 12.7 1996
CTF02 94.9 81 42.1 2320 331 2401.0 1241.0 1160.0 277.0 12.9 1973
CTFO3 145 45.9 2527 471 2672.0 1408.5 1263.5 51.6 12.8 1941
CTF04 199 55.3 3050 433 3249.0 1724.0 1525.0 13.3 1983
CTFO05 1870 67.3% 8 45.7% 2.0% 20 39.8 2193 382 2213.0 1116.5 1096.5 12.4 1992
CTFO06 94.9 80 39.8 2191 447 2271.0 11755 1095.5 337.0 7.7 1935
CTFO7 140 52.5 2894 362 3034.0 1587.0 1447.0 50.5 5.8 1955
CTFO8 204 58.5 3222 401 3426.0 1815.0 1611.0 8.9 1915
CTF09 2030 73.1% 10 75.5% 2.0% 20 42.1 2319 488 2339.0 1179.5 1159.5 9.1 1923
CTF10 103.0 81 48.0 2647 472 2728.0 1404.5 13235 388.1 12.6 1954
CTF11 141 54.8 3022 577 3163.0 1652.0 1511.0 50.2 12.6 1935
CTF12 200 63.7 3509 569 3709.0 1954.5 1754.5 11.8 1943
CTF13 2030 73.1% 6 45.3% 2.0% 21 45.4 2501 440 2522.0 12715 1250.5 11.6 1958
CTF14 103.0 623.5 13 1947
CTF15 35.9 12.6 1976
CTF16 201 54.6 3011 480 3212.0 1706.5 1505.5 12 1959
Sample # | Dry density | Compaction Moisture Saturation Confining Dynamic test conditions Dynamic test results Actual Actual

Content (MC) stress Test load Test stress Stress Plastic deform | PD rate Plastic strain PS rate MC Dry density
(kg/cub m) (%) (%) (%) (kPa) kN (kPa) Ratio (mm) (mm/million) (%) (Y%/million) (%) (kg/cub m)
CTF17 1870 67.3% 13 74.3% 2.0% 81.4 7.7 422.6 0.17 9.8 2047.0
CTF18 80.6 22.3 1228.0 0.51 10.0 2072.0
CTF19 80.9 24.9 1371.1 0.56 10.0 2048.0
CTF20 139.6 9.6 526.7 0.19 9.3 2088.0
CTF21 140.2 26.1 1439.8 0.51 9.9 2123.0
CTF22 139.8 27.2 1499.8 0.53 9.9 2087.0
CTF23 1870 67.3% 8 45.7% 2.0% 79.6 10.6 585.0 0.24 5.4 2153.0
CTF24 81.8 28.9 1592.8 0.65 8.1 2102.0
CTF25 81.9 325 1790.5 0.74 7.0 2095.0
CTF26 140.8 12.2 672.8 0.24 6.6 2093.0
CTF27 139.7 33.2 1831.2 0.65 7.0 2091.0
CTF28 140.8 50.0 2755.9 0.97 7.0 2091.0
CTF29 2030 73.1% 10 75.5% 2.0% 80.7 9.7 537.1 0.22 9.6 2154.0
CTF30 80.7 27.2 1496.8 0.62 9.5 2207.0
CTF31 84.1 32.8 1808.2 0.74 8.8 2211.0
CTF32 139.3 11.5 633.9 0.22 10.4 2128.0
CTF33 138.5 31.7 1747.8 0.62 10.2 2170.0
CTF34 139.5 49.0 2701.6 0.96 9.6 2179.0
CTF35 2030 73.1% 6 45.3% 2.0% 82.6 12.9 708.4 0.29 7.5 2163.0
CTF36 82.9 35.9 1978.7 0.81 7.0 2183.0
CTF37 83.7 49.2 2709.0 1.11 6.5 2218.0
CTF38 141.0 14.9 819.1 0.29 7.6 2216.0
CTF39 142.4 41.1 2267.3 0.80 6.2 2161.0
CTF40 140.8 43.7 2405.9 0.85 7.8 2182.0

23/05/2002
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Summary Triaxial test data for the

Emulsion treated ferricrete

MDD: 1971
OMC: 12.5
ARD: 2.7770
Sample # | Dry density | Compaction Moisture Saturation | Residual Confining Static test results Actual Actual
Content (MC) Binder stress Failure load | Failure stress| Stiffness Sigma 1 p q Cohesion and MC Dry density
(kg/cub m) (%) (%) (%) Content (%) (kPa) kN (kPa) (MPa) (kPa) (kPa) (kPa) friction angle (%) (kg/cub m)
ETFO1 1870 67.3% 13 74.3% 1.8% 22 36.3 1998 474 2020 1021 999 10.48 1974
ETF02 94.9 80 40.8 2246 398 2326 1203 1123 543.0 11.19 1960
ETFO3 140 41.1 2264 482 2404 1272 1132 325 10.76 1936
ETFO4 200 44.0 2427 285 2627 1413.5 1213.5 10.77 1944
ETFO05 1870 67.3% 8 45.7% 1.8% 20 30.8 1700 357 1720 870 850 10.56 1930
ETFO6 94.9 80 39.3 2167 442 2247 1163.5 1083.5 328.6 9.99 1923
ETFO7 140 43.1 2377 307 2517 1328.5 1188.5 46.5 9.99 1943
ETFO8 200 48.3 2664 438 2864 1532 1332 9.45 1923
ETF09 2030 73.1% 10 75.5% 1.8% 20 45.8 2524 419 2544 1282 1262 10.50 2022
ETF10 103.0 80 52.2 2878 514 2958 1519 1439 458.0 8.66 2041
ETF11 140 50.8 2801 494 2941 1540.5 1400.5 48.3 10.74 2011
ETF12 200 53.0 2922 904 3122 1661 1461 10.57 2051
ETF13 2030 73.1% 6 45.3% 1.8% 20 45.6 2513 350 2533 1276.5 1256.5 9.77 2026
ETF14 103.0 80 55.3 3050 3130 1605 1525 370.0 10.14 1985
ETF15 140 51.9 2858 707 2998 1569 1429 54.8 8.87 2017
ETF16 200 63.5 3500 3700 1950 1750 9.09 2012
Sample # | Dry density | Compaction Moisture Saturation Confining Dynamic test conditions Dynamic test results Actual Actual
Content (MC) stress Test load Test stress Stress Plastic deform PD rate Plastic strain PS rate mMC Dry density
(kg/cub m) (%) (%) (%) (kPa) kN (kPa) Ratio (mm) (mm/million) (%) (%/million) (%) (kg/cub m)
ETF17 1870 67.3% 13 74.3% 1.8% 80 7.9 432.6 0.20 10.6 2035.0
ETF18 80 21.6 1189.7 0.55 10.4 2055.0
ETF19 80 35.3 1946.8 0.90 10.7 2062.0
ETF20 140 8.4 460.4 0.20 10.9 2082.0
ETF21 140 23.0 1266.1 0.55 11.1 2068.0
ETF22 140 37.6 2071.9 0.90 10.8 2023.0
ETF23 1870 67.3% 8 45.7% 1.8% 80 7.5 413.7 0.20 7.8 2053.0
ETF24 80 20.6 1137.8 0.55 8.6 2050.0
ETF25 80 33.8 1861.8 0.90 8.0 2064.0
ETF26 140 8.7 477.1 0.20 7.3 2077.0
ETF27 140 23.8 1311.9 0.55 8.3 2070.0
ETF28 140 39.0 2146.8 0.90 7.3 2088.0
ETF29 2030 73.1% 10 75.5% 1.8% 80 10.4 575.6 0.20 9.4 2164.0
ETF30 80 28.7 1582.9 0.55 8.1 2181.0
ETF31 80 47.0 2590.2 0.90 10.5 2143.0
ETF32 140 11.7 646.4 0.20 11.2 2114.0
ETF33 140 32.3 1777.6 0.55 11.3 2104.0
ETF34 140 52.8 2908.8 0.90 #DIV/0! #DIV/0!
ETF35 2030 73.1% 6 45.3% 1.8% 80 111 610.0 0.20 8.2 2150.0
ETF36 80 30.4 1677.5 0.55 9.0 2152.0
ETF37 80 49.8 2745.0 0.90 #DIV/O! #DIV/0!
ETF38 140 13.0 717.4 0.20 8.5 2148.0
ETF39 140 35.8 1972.9 0.55 7.9 2152.0
ETF40 140 58.6 3228.3 0.90 #DIV/0! #DIV/0!




Summary Triaxial test data for the

Foam treated ferricrete

2% cement, 1.8% foamed bitumen

MDD: 1971

OMC: 12.5

ARD: 2.777

Sample # | Dry density | Compaction Moisture Saturation | Residual Confining Static test results Actual Actual
Content (MC) Binder stress Failure load |Failure stress ~ Stiffness Sigma 1 p q Cohesion and MC Dry density
(kg/cub m) (%) (%) (%) Content (%) (kPa) kN (kPa) (MPa) (kPa) (kPa) (kPa) friction angle (%) (kg/cub m)
FTFO1 1870 67.3% 13 74.3% 2.0% 20 25.2 1387 1407 7135 693.5 9.64 1934
FTFO2 94.9 80 29.4 1619 1699 889.5 809.5 425.4 9.37 1939
FTFO3 140 30.0 1654 1794 967 827 27.3 9.29 1863
FTFO4 200 30.4 1673 1873 1036.5 836.5 11.85 1887
FTFO5 1870 67.3% 8 45.7% 20 31.0 1711 1731 875.5 855.5 3.86 1964
FTFO6 94.9 80 39.0 2150 2230 1155 1075 302.6 4 1964
FTFO7 140 44.1 2433 2573 1356.5 1216.5 48.8 3.98 1964
FTFO8 200 20.7 1140 1340 770 570 9.97 1843
FTFO09 2030 73.1% 10 75.5% 20 25.1 1381 1401 710.5 690.5 8.77 2052
FTF10 103.0 80 38.0 2096 2176 1128 1048 208.4 9.84 2029
FTF11 140 28.6 1576 1716 928 788 49.3 10.04 2025
FTF12 200 40.0 2204 2404 1302 1102 9.99 2016
FTF13 2030 73.1% 6 45.3% 20 15.3 844 864 442 422 10.04 1932
FTF14 103.0 80 26.8 1476 1556 818 738 109.3 8.42 1983
FTF15 140 34.7 1915 2055 1097.5 957.5 54.9 8.91 1971
FTF16 200 29.5 1628 1828 1014 814 10.35 1940
Sample # | Dry density | Compaction Moisture Saturation Confining Dynamic test conditions Dynamic test results Actual Actual

Content (MC) stress Test load Test stress Stress Plastic deform| PD rate Plastic strain PS rate MC Dry density
(kg/cub m) (%) (%) (%) (kPa) kN (kPa) Ratio (mm) (mm/million) (%) (%/million) (%) (kg/cub m)
FTF17 1870 67.3% 13 74.3% 80 5.6 306.5 0.20 305 9.5 1949.0
FTF18 80 15.3 842.8 0.55 305 8.8 1931.0
FTF19 80 25.0 1379.2 0.90 305 8.9] 1944.0
FTF20 140 5.9 326.8 0.20 305 9.8 1940.0
FTF21 140 16.3 898.8 0.55 305 10.9] 1905.0
FTF22 140 26.7 1470.7 0.90 305 10.8 1920.0
FTF23 1870 67.3% 8 45.7% 80 7.6 419.6 0.20 305 6.0 1916.0
FTF24 80 20.9 1153.9 0.55 307 7.4 1895.0
FTF25 80 34.3 1888.2 0.90 305 6.1| 1918.0
FTF26 140 8.9 492.6 0.20 305 5.8 1924.0
FTF27 140 24.6 1354.8 0.55 305 6.5 1924.0
FTF28 140 40.2 2216.9 0.90 305 6.2 1925.0
FTF29 2030 73.1% 10 75.5% 80 5.9 325.2 0.20 305 18.8 1821.0
FTF30 80 16.2 894.3 0.55 305 10.0 2016.0
FTF31 80 26.6 1463.4 0.90 305 11.2 1996.0
FTF32 140 7.3 400.5 0.20 303 11.8 1988.0
FTFE33 140 20.0 1101.4 0.55 304 12.3 1930.0
FTFE34 140 32.7 1802.2 0.90 305 11.5 1947.0
FTF35 2030 73.1% 6 45.3% 80 5.1 282.3 0.20 305 8.8| 1980.0
FTF36 80 14.1 776.4 0.55 305 9.5 1960.0
FTE37 80 23.1 1270.5 0.90 305 10.1 1963.0
FTF38 140 7.1 390.4 0.20 305 8.2 2009.0
FTF39 140 19.5 1073.5 0.55 307 9.2 1981.0
FTF40 140 31.9 1756.7 0.90 305 9.0 2001.0




Summary Triaxial test data for the

Foam treated ferricrete

1% cement, 3% foamed bitumen

MDD: 1971

OMC: 12.5

ARD: 2.777

Sample # | Dry density | Compaction Moisture Saturation | Residual Confining Static test results Actual Actual
Content (MC) Binder stress Failure load | ailure stres§ Stiffness Sigma 1 p q Cohesion and MC Dry density
(kg/cub m) (%) (%) (%) Content (%)| (kPa) kN (kPa) (MPa) (kPa) (kPa) (kPa) friction angle (%) (kg/cub m)
BFTFO1 1870 67.3% 13 74.3% 3.0% 20 9.1 501 521 271 251 9.11 1940
BFTF02 94.9 80 10.9 603 683 382 302 112.2 9.09 1940
BFTFO3 140 14.2 784 924 532 392 34.4 9.36 1935
BFTF04 200 17.3 956 1156 678 478 8.92 1944
BFTF05 1870 67.3% 8 45.7% 3.0% 20 21.2 1166 1186 603 583 4.73 1942
BFTF06 94.9 80 29.9 1649 1729 905 825 208.1 4.25 1954
BFTFO7 140 33.1 1825 1965 1053 913 48.0 4.87 1940
BFTFO08 200 293 1613 1813 1007 807 5.00 1937
BFTF09B 2030 73.1% 10 75.5% 3.0% 20 9.3 515 535 278 258 9.92 1998
BFTF10B 103.0 82 16.1 885 967 525 443 118.2 8.96 2019
BFTF11B 141 17.0 938 1079 610 469 38.9 9.12 2016
BFTF12B 201 20.6 1136 1337 769 568 9.32 2045
BFTF13 2030 73.1% 6 45.3% 3.0% 21 20.5 1128 1149 585 564 6.56 2030
BFTF14 103.0 83 29.2 1609 1692 888 805 163.1 5.46 2023
BFTF15 142 263 1452 1594 868 726 52.7 6.39 2001
BFTF16 201 290 1598 1799 1000 799 6.68 1992
BFTF09 1902 68.5% 7.5 45.3% 3.0% 83 29.5 1625 1708 896 813 9.92 1998
BFTF10 103.0 80 30.8 1698 1778 929 849 8.96 2019
BFTF11 81 35.7 1965 240 2046 1064 983 9.12 2016
BFTF12 81 42.2 2328 253 2409 1245 1164 9.32 2045
Sample # | Dry density | Compaction Moisture Saturation Confining Dynamic test conditions Dynamic test results Actual Actual

Content (MC) stress Test load Test stress Stress Plastic deform| PDrate | Plastic strain PS rate MC Dry density
(kg/cub m) (%) (%) (%) (kPa) kN (kPa) Ra_tio (mm) (mm/mﬁon) (%) (%/mﬁon) (%) (kg/cub m)
BFTF17 1870 67.3% 13 74.3% 80 2.3 126.6 0.20 305 11.0 1900.0)
BFTF18 80 6.3 348.2 0.55 305 10.5 1910.0)
BFTF19 80 10.3 569.8 0.90 305 11.1 1885.0)
BFTF20 140 2.9 157.8 0.20 305 11.6 1881.0,
BFTF21 140 7.9 433.9 0.55 305 10.6 1908.0)
BFETF22 140 12.9 710.0 0.90 305 10.8 1892.0)
BFTF23 1870 67.3% 8 45.7% 80 5.6 309.3 0.20 305 4.8 1942.0
BFTF24 80 15.4 850.7 0.55 307 5.7 1942.0
BFTF25 80 25.3 1392.0 0.90 305 4.8 1943.0
BFTF26 140 6.9 378.7 0.20 305 4.9 1941.0
BFTF27 140 18.9 1041.5 0.55 305 5.3 1933.0
BFTF28 140 30.9 1704.3 0.90 305 5.4 1930.0)
BFTF29 2030 73.1% 10 75.5% 80 2.8 152.8 0.20 305 6.9 2066.0
BFTF30 80 7.6 420.2 0.55 305 7.2 2044.0
BFTF31 80 12.5 687.6 0.90 305 9.2 2014.0
BFTF32 140 35 193.3 0.20 303 8.1 2005.0
BFTF33 140 9.6 5315 0.55 304 7.1 2028.0
BFTF34 140 15.8 869.7 0.90 305 7.5 2052.0
BFTF35 2030 73.1% 6 45.3% 80 5.8 317.1 0.20 305 4.9 2030.0
BFTF36 80 15.8 872.1 0.55 305 5.3 2030.0
BFTE37 80 25.9 1427.2 0.90 305 5.7 1995.0
BFTF38 140 74 410.2 0.20 305 6.7 1995.0
BFTF39 140 20.5 1128.2 0.55 307 7.8 2003.0
BFTF40 140 33.5 1846.1 0.90 305 6.9 1991.0
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Cement Treated Ferricrete

2% Cement
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LVDT#1 Model

Cement Treated Beam

Beam Test No. CTB1
Moisture Content 12.2%
Cement Content 2%
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Beam Test No. CTB2

LVDT#l |V|Od€| Moisture Content 11.9%

Cement Treated Beam Cement Content 2%
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Emulsion Treated Ferricrete
3.0% Emulsion, 2% Cement

1.8% Emulsion, 2% Cement
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Foamed Bitumen Treated Ferricrete
1.8% Foamed Bitumen, 2% Cement
3.0% Foamed Bitumen, 2% Cement

3.0% Foamed Bitumen, 1% Cement
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LVDT#1 Model
Foamed Bitumen Beam

Beam Test No. ftb9
Moisture Content 9.9%
Cement Content 2%

% Binder 3

Dry Density 2030 kg/m?3

0.250

0.200
& 0150 |
>3
1))
%)
o
= 0.100 s
n

[ " .
0.050 \.\
e
0.000 + T T T T
0 500 1000 1500 2000 2500 3000 3500
Strain at break: 426 Strain (Microstrain)
Stress at break (kPa): 192
Initial stiffness (MPa): 1350
Stiffness at break (MPa): 451 = Data —Model
Beam Test No. ftb9
LVDT#Z MOdel Moisture Content 9.9%
. Cement Content 2%
Foamed Bitumen Beam % Binder 3
Dry Density 2030 kg/m3
0.250
0.200
-
L)
e L/
o 0.150
=
~ [}
1%}
3
= 0.100 1 %
(99}
\
0.050 \
b
0.000 + T T
0 500 1000 1500 2000 2500 3000 3500

Strain at break: 426

Stress at break (kPa): 192
Initial stiffness (MPa): 1350
Stiffness at break (MPa): 451

Strain (Microstrain)

= Data ===Model




LVDT#1 Model

Beam Test No. FTB10
Moisture Content 9.3%

Cement Content 2%

Foamed Bitumen Beam % Binder 3
0.350 Dry Density 2030 kg/m?3
0.300 |
-
0.250

0.200 [ \
0.150 '

Stress (MPa)

0.100 \
\R‘
0.050 -

‘ -
) . .
A A - -
0.000 T T T
0 1000 2000 3000 4000 5000 6000
Strain at break: 300 Strain (Microstrain)
Stress at break (kPa): 308
Initial stiffness (MPa): 2992
Stiffness at break (MPa): 1027 = Data ——Model
Beam Test No. FTB10
LVDT#2 MOdel Moisture Content 9.3%
. Cement Content 2%
Foamed Bitumen Beam % Binder 3
Dry Density 2030 kg/m3
0.350
0.300
-
0.250
= 0.200 L
%)
¢ 0150 o
n
0.100 -
0.050 N =
- %]
\'\- .
- - =
0.000 ‘ =t = =
0 1000 2000 3000 4000 5000 6000

Strain at break: 297
Stress at break (kPa): 311
Initial stiffness (MPa): 3045

Stiffness at break (MPa): 1047

Strain (Microstrain)

= Data ===Model




0.400

LVDT#1 Model
Foamed Bitumen Beam

Beam Test No. FTB11
Moisture Content 9.3%
Cement Content 2%

% Binder 3

Dry Density 2030 kg/m?3

0.350 -

0.300 A

0.250 F \

0.200 o

0.150 A

Stress (MPa)

0.100 \
0.050

0.000 T e ; T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Strain at break: 300 Strain (Microstrain)
Stress at break (kPa): 340
Initial stiffness (MPa): 3300
Stiffness at break (MPa): 1133 = Data Model
Beam Test No. FTB11
LVDT#Z MOdel Moisture Content 9.3%
. Cement Content 2%
Foamed Bitumen Beam % Binder 3
Dry Density 2030 kg/m3

0.400

0.350

0.300
< ]
S 0.250 [
>3
» 0.200
0
o
&4 0.150

0.100 \

0.050 \

0.000 S e s = = .

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Strain at break: 313

Stress at break (kPa): 343
Initial stiffness (MPa): 3157
Stiffness at break (MPa): 1096

Strain (Microstrain)

= Data ===Model
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APPENDIX E: STATIC TRIAXIAL LABORATORY DATA

Each page contains two graphs, one of which shows the stress as a function of the strain, and the
other which shows the stiffness as a function of the bulk stress. The important parameters, including

the dry density, moisture content, stiffness and maximum deviator stress are also provided on the

printout.

CR 2001/32: Laboratory Testing for the HVS Sections on Road P243/1 Appendix E



Untreated Ferricrete
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Mater

ial: Ferricrete

Sample #:
Density (kg/cub m): 1870
Moisture (%): 8.0

FCTOla

STATIC TRIAXIAL TEST
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Confining pressure (kPa): 22
Linear stiffness (MPa): 28
Maximum deviator stress (kPa): 195.0
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STATIC TRIAXIAL TEST

Material: Ferricrete Untreated

Sample #: FCT02a

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 81
Moisture (%): 10.1 Linear stiffness (MPa): 29

Maximum deviator stress (kPa): 393
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STATIC TRIAXIAL TEST

Material: Ferricrete

Sample #: FCTO03a

Dry Density (kg/cub m): 1870
Moisture (%): 11.6

Untreated

Confining pressure (kPa): 141
Linear stiffness (MPa): 33
Maximum deviator stress (kPa): 447
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STATIC TRIAXIAL TEST

Material: Ferricrete Untreated

Sample #: FCTO4a

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 201
Moisture (%): 10.3 Linear stiffness (MPa): 65

Maximum deviator stress (kPa): 944
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Material: Ferricrete

Sample #: FCTO05a

Dry Density (kg/cub m): 1870
Moisture (%): 7.4

STATIC TRIAXIAL TEST
Untreated

Confining pressure (kPa): 22
Linear stiffness (MPa): 94
Maximum deviator stress (kPa): 190
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STATIC TRIAXIAL TEST

Material: Ferricrete Untreated

Sample #: FCTO6a

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 81
Moisture (%): 7.6 Linear stiffness (MPa): 40

Maximum deviator stress (kPa): 433
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STATIC TRIAXIAL TEST

Material: Ferricrete Untreated

Sample #: FCTO7a

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 141
Moisture (%): 7.2 Linear stiffness (MPa): 153

Maximum deviator stress (kPa): 650
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STATIC TRIAXIAL TEST

Material: Ferricrete Untreated

Sample #: FCTO08a

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 202
Moisture (%): 8.1 Linear stiffness (MPa): 87

Maximum deviator stress (kPa): 829
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STATIC TRIAXIAL TEST

Material: Ferricrete Untreated

Sample #: FCT09a

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 21
Moisture (%): 10.5 Linear stiffness (MPa): 3

Maximum deviator stress (kPa): 185
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Material: Ferricrete

Sample #: FCT10a

Dry Density (kg/cub m): 2030
Moisture (%): 10.9

STATIC TRIAXIAL TEST
Untreated

Confining pressure (kPa): 80
Linear stiffness (MPa): 26
Maximum deviator stress (kPa): 446
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Material: Ferricrete

Sample #: FCTlla

Dry Density (kg/cub m): 2030
Moisture (%): 10.7

STATIC TRIAXIAL TEST

Untreated

Confining pressure (kPa): 139
Linear stiffness (MPa): 106
Maximum deviator stress (kPa): 675
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Mater

ial: Ferricrete

Sample #: FCT12a
Dry Density (kg/cub m): 2030
Moisture (%): 10.6

STATIC TRIAXIAL TEST

Untreated

Confining pressure (kPa): 203
Linear stiffness (MPa): 106
Maximum deviator stress (kPa): 854
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STATIC TRIAXIAL TEST

Material: Ferricrete

FCT13a

Dry Density (kg/cub m): 2030
Moisture (%): 6.8

Sample #:

Untreated

Confining pressure (kPa): 21
Linear stiffness (MPa): 84
Maximum deviator stress (kPa): 603
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STATIC TRIAXIAL TEST

Material: Ferricrete Untreated

Sample #: FCT1l4a

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 81
Moisture (%): 6.7 Linear stiffness (MPa): 86

Maximum deviator stress (kPa): 816
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STATIC TRIAXIAL TEST

Material: Ferricrete Untreated

Sample #: FCT15a

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 142
Moisture (%): 6.9 Linear stiffness (MPa): 70

Maximum deviator stress (kPa): 995
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Material: Ferricrete

Sample #: FCT16a

Dry Density (kg/cub m): 2030
Moisture (%): 6.9

STATIC TRIAXIAL TEST
Untreated

Confining pressure (kPa): 201
Linear stiffness (MPa): 188
Maximum deviator stress (kPa): 1254
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Cement Treated Ferricrete

2% Cement

CR 2001/32: Laboratory Testing for the HVS Sections on Road P243/1 Appendix E



STATIC TRIAXIAL TEST

Material: Ferricrete Cement
Sample #: CTFO1
Dry Density (kg/cub m): 1870 Confining pressure (kPa): 38

Linear stiffness (MPa): 242

Moisture (%): 12.7
Maximum deviator stress (kPa): 1826
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STATIC TRIAXIAL TEST

Material: Ferricrete

Sample #: CTF02

Dry Density (kg/cub m): 1870
Moisture (%): 12.9

Cement

Confining pressure (kPa): 81
Linear stiffness (MPa): 315
Maximum deviator stress (kPa): 2320
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STATIC TRIAXIAL TEST

Material: Ferricrete

Sample #: CTFO03

Dry Density (kg/cub m): 1870
Moisture (%): 12.8

Cement

Confining pressure (kPa): 145
Linear stiffness (MPa): 455
Maximum deviator stress (kPa): 2527
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement

Sample #: CTFO04

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 199
Moisture (%): 13.3 Linear stiffness (MPa): 407

Maximum deviator stress (kPa): 3050
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement

Sample #: CTFO05

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 20
Moisture (%): 12.4 Linear stiffness (MPa): 363

Maximum deviator stress (kPa): 2193
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Material: Ferricrete

Sample #: CTF06

Dry Density (kg/cub m): 1870
Moisture (%): 7.7

STATIC TRIAXIAL TEST

Cement

Confining pressure (kPa): 80
Linear stiffness (MPa): 444
Maximum deviator stress (kPa): 2191
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement

Sample #: CTFO7

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 140
Moisture (%): 5.8 Linear stiffness (MPa): 356

Maximum deviator stress (kPa): 2894
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement

Sample #: CTF08

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 204
Moisture (%): 8.9 Linear stiffness (MPa): 401

Maximum deviator stress (kPa): 3222
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement
Sample #: CTF09
Dry Density (kg/cub m): 2030 Confining pressure (kPa): 20
Moisture (%): 9.1 Linear stiffness (MPa): 488
Maximum deviator stress (kPa): 2319
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Material:

Sample #:
Dry Density (kg/cub m): 2030
Moisture (%): 12.6

Ferricrete

CTF10

STATIC TRIAXIAL TEST

Cement

Confining pressure (kPa): 81
Linear stiffness (MPa): 464
Maximum deviator stress (kPa): 2647
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Material:

Sample #:
Dry Density (kg/cub m): 2030
Moisture (%): 12.6

Ferricrete

CTF11

STATIC TRIAXIAL TEST

Cement

Confining pressure (kPa): 141
Linear stiffness (MPa): 573
Maximum deviator stress (kPa): 3022
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement
Sample #: CTF12
Dry Density (kg/cub m): 2030 Confining pressure (kPa): 200
Moisture (%): 11.8 Linear stiffness (MPa): 560
Maximum deviator stress (kPa): 3509
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement

Sample #: CTF13

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 21
Moisture (%): 11.6 Linear stiffness (MPa): 433

Maximum deviator stress (kPa): 2501
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Mater

ial: Ferricrete
CTF14

Sample #:
Dry Density (kg/cub m): 2030
Moisture (%): 13.0

STATIC TRIAXIAL TEST

Cement

Confining pressure (kPa): 82
Linear stiffness (MPa): 354
Maximum deviator stress (kPa): 2300
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement

Sample #: CTF15

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 144
Moisture (%): 12.6 Linear stiffness (MPa): 463

Maximum deviator stress (kPa): 3184
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STATIC TRIAXIAL TEST

Material: Ferricrete Cement

Sample #: CTF16

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 201
Moisture (%): 12.0 Linear stiffness (MPa): 472

Maximum deviator stress (kPa): 3011
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Emulsion Treated Ferricrete

1.8% Emulsion, 2% Cement

CR 2001/32: Laboratory Testing for the HVS Sections on Road P243/1 Appendix E



STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion

Sample #: ETFO1

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 22
Moisture (%): 10.5 Linear stiffness (MPa): 474

Maximum deviator stress (kPa): 1998
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion
Sample #: ETFO02
Dry Density (kg/cub m): 1870 Confining pressure (kPa): 82
Moisture (%): 11.2 Linear stiffness (MPa): 398
Maximum deviator stress (kPa): 2246
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Material: Ferricrete

Sample #: ETFO3

Dry Density (kg/cub m): 1870
Moisture (%): 10.8

STATIC TRIAXIAL TEST

Emulsion

Confining pressure (kPa): 143
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion

Sample #: ETFO4

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 199
Moisture (%): 10.8 Linear stiffness (MPa): 285

Maximum deviator stress (kPa): 2427
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion

Sample #: ETFO5

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 22
Moisture (%): 10.5 Linear stiffness (MPa): 357

Maximum deviator stress (kPa): 1700
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion

Sample #: ETFO6

Dry Density (kg/cub m): 1870 Confining pressure (kPa): 79
Moisture (%): 10.0 Linear stiffness (MPa): 442

Maximum deviator stress (kPa): 2167
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Material:

Samp

le #:

Ferricrete

ETFO7

Dry Density (kg/cub m): 1870
Moisture (%): 9.9

STATIC TRIAXIAL TEST
Emulsion

Confining pressure (kPa): 139
Linear stiffness (MPa): 307
Maximum deviator stress (kPa): 2377

Stress (kPa)

2500.00

2000.00

1500.00

1000.00

500.00

0.00

T

At

--

"
N

10000

20000 30000 40000 50000 60000

Strain (microstrain)

Stiffness (MPa)

350

300

"y

N
n
o

N
o
o

=
a1
o

=
o
o

a
o

o

500

1000 1500 2000 2500 3000
Bulk stress (kPa)

ETFO7.xls 23/05/2002



Material: Ferricrete

Sample #: ETFO8

Dry Density (kg/cub m): 1870
Moisture (%): 9.5

STATIC TRIAXIAL TEST

Emulsion

Confining pressure (kPa): 201
Linear stiffness (MPa): 438
Maximum deviator stress (kPa): 2664
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion
Sample #: ETFO9

Dry Density (kg/cub m): 2030
Moisture (%): 10.5

Confining pressure (kPa): 22
Linear stiffness (MPa): 419
Maximum deviator stress (kPa): 2524
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion
Sample #: ETF10
Dry Density (kg/cub m): 2030 Confining pressure (kPa): 82
Moisture (%): 8.7 Linear stiffness (MPa): 514
Maximum deviator stress (kPa): 2878
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion

Sample #: ETF11

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 141
Moisture (%): 10.7 Linear stiffness (MPa): 495

Maximum deviator stress (kPa): 2801
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Material:
Sample #:

Dry Density (kg/cub m): 2030

Ferricrete

ETF12

Moisture (%): 10.6

STATIC TRIAXIAL TEST
Emulsion

Confining pressure (kPa): 197
Linear stiffness (MPa): 904
Maximum deviator stress (kPa): 2922
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion

Sample #: ETF13

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 21
Moisture (%): 9.8 Linear stiffness (MPa): 350

Maximum deviator stress (kPa): 2513
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion

Sample #: ETF14

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 83
Moisture (%): 10.2 #VALUE!

Maximum deviator stress (kPa): 2802
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion

Sample #: ETF15

Dry Density (kg/cub m): 2030 Confining pressure (kPa): 140
Moisture (%): 8.9 Linear stiffness (MPa): 707

Maximum deviator stress (kPa): 2858
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STATIC TRIAXIAL TEST

Material: Ferricrete Emulsion
Sample #: ETF16

Dry Density (kg/cub m): 2030
Moisture (%): 9.1

Confining pressure (kPa): 204
Linear stiffness (MPa): 676
Maximum deviator stress (kPa): 2928
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Foamed Bitumen Treated Ferricrete

1.8% Foamed Bitumen, 2% Cement

CR 2001/32: Laboratory Testing for the HVS Sections on Road P243/1 Appendix E
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