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ABSTRACT

Determination of Field Dry Density of Sandy Soils Using A Dynamic Cone Penetration
Test

The degree of compaction plays a critical part in assessing the quality of soil layers during road
and highway construction. However, conventional field density testing methods are time-
consuming and may not fully ensure compaction compliance throughout construction. Thus,
there is a need for efficient quality control and assurance procedures to maintain project
progress while upholding construction quality.

This study aims to establish relationships between the Dynamic Cone Penetration (DCP) Rate
and field dry density, facilitating efficient field density assessment without solely relying on
traditional methods like the sand cone test. Although previous researchers have developed
correlations to determine field dry density with the DCP penetration index, regression analysis
results indicate their incompatibility with local soil conditions due to variations in soil
formations and environmental factors. Hence, reliability analysis and modification are
necessary to tailor these correlations to local conditions. Therefore, this study develops
numerical correlations between the DCP penetration index (PRI) and field dry density (FDD)
of subgrade soil using data obtained from laboratory and field investigations related to road
construction. Following this, the outcomes of tests including Atterberg limits, sieve analysis,
DCP penetration, Proctor Compaction, and field density tests are subjected to further analysis.
Soil classifications were conducted in accordance with the Unified Soil Classification System
(USCS).

The regression analysis is performed using MATLAB software, employing a curve fitting tool
with robust regression options, such as Least Average Residual (LAR) and Bisquare, to
mitigate the impact of outliers during model fitting. This study proposes to modify the existing
correlations and two new correlations using regression analysis in the form of first and second-
order numerical equations, with multiple variables representing the DCP Penetration Index
(PRI) and the Field Moisture Content (FMC).

Keywords: Field Dry Density, DCP Penetration Index, Field Moisture Content



ACKNOWLEDGEMENT

I am deeply grateful to all those who have supported me throughout my postgraduate journey

and the completion of this thesis.

Firstly, | sincerely appreciate my research supervisor, Prof. U.P. Nawagamuwa, from the
Department of Civil Engineering, University of Moratuwa. His invaluable insights and

constructive feedback have significantly enhanced the quality of this work.

I extend my thanks to Prof. L.1.N De Silva, the course coordinator, for providing me with the
opportunity to conduct this research study. Additionally, I am thankful to the Department of
Civil Engineering, University of Moratuwa, for their support, necessary funding, and facilities,

which have been instrumental in completing this research.

I would also like to acknowledge the Road Development Authority, Research and Development
Division (RDA), and the Inclusive Connectivity and Development Project for providing me
with the laboratory and field investigation test report data. Their contribution has been

invaluable to the progress of this research.

Lastly, I want to express my heartfelt gratitude to my parents, loving wife, and friends for their
unwavering encouragement, love, and understanding throughout this journey. Their emotional

support has been a constant source of strength.

To everyone who has played a role in this endeavor, thank you.

A.M.1.M Wijesundara

March, 2024



TABLE OF CONTENT

A B ST R A CT ettt bttt e b e bt h et Rt oo b £ e b £ oAb £ oAb e oAb e E e e E e e eEe e Rt e ARt eRE e eR e e eRe e bt e bt e nbeeneenheenreas |
ACKNOWLEDGEMENT ...ttt ettt ettt bbb e e b e et e e b e e ae e ebe e ebe e abeasbeesbesbeesbeesbeenbeenneenns 1
LIST OF ABBREVIATIONS. ...ttt ettt e e sttt sb e he e e bt e eb e et e et e e st e s beesbeesbeenbeannas \1
CHAPTER D1ttt bt h bttt h et bt e bt e b e e R bt e R b e e b e e s h e e s b e e e Re e eE e e e e eme e eaeeebeeabe e beenbeenbenrneas 1
1 INTRODUCGTION ...ttt b bbb b e e s ke e bt e bt Re e e b e e ebe e eb e e bean b e e s benbeesbeesbeenbeannas 1
1.1 BACKGIOUNG ...ttt bbbttt b e bbb et et s b e eb e s bt e bt e b e e e e nbesbe bbb e 1
1.2 Problem STALEMENT ..ot 2
1.3 AIMS NG ODJECLIVES ..vveeeecie ettt et ste e e e s e e se e e te st e s reaneese et enteseenresreaneas 3
CHAPTER D2..... oottt h ket b bbb £ b e R e R e e oAb e b e e b £ e b e e h b e R e e s e b e e bt e bt e bt e bt e be e r et e nbe b e b e 4
2 LITERATURE REVIEW ...t nne e 4
21 INEFOTUCTION ...t e Rt b n et en e 4
2.2 Field Density and Degree of COMPACLION .......c.oiviiiierieirie et 4
2.3 The Standard Field Density TeSt MEtNOUS ........cviiriiiiiiiiicrec s 5
2.3.1 The Sand Cone Method (Sand Replacement Method)...........cccoovierriininiiienne e 5
2.3.2  The Core Cutter Method/Drive Cylinder Method............cccooiieiiiiniinisee e 5
2.3.3  The Shelby TUDE MENOA ......c..ciiiieiieee bbb 5
2.3.4  The NUCIEAr DENSILY GAUGES ... c.eivereeieiteietirieriete sttt sttt sttt sttt sttt bbbttt bbb b nnns 6
2.3.5  StAliC PIAte LOBA TESES. ... cueiteiietiiteieieite ettt bbbttt ettt ettt 7
2.3.6  Dynamic Plate Load Tests (Falling Weight Deflector Meter-FWD) ..........ccocooviiiiiiinienc e 7
2.3.7  The Laboratory Compaction: Proctor Compaction Tests (Standard and Modified) ............ccccceeeee 7
2.3.8  The Soil Index properties: Atterberg lIMITS ..o 8
2.3.9  The Dynamic Cone Penetrometer (DCP)........cou ittt 8

2.4 Relationships Between DCPI and California Bearing Ratio (CBR)........c.ccccoceviviiiiieiiiere e 10
2.5 Relationships Between the DCPI and Field Dry Density (FDD) and Field Moisture Content ............ 11
2.6 Relationships Between the DCPI and Field Dry Density (FDD) .......cccovevievieienenie s 12

L0 N e I 0 SR 17
3 Y= I 11151 0 1 2SS 17
3.1 L oo L1 o3 (o] o OO OO OSSP PR PO PRP PR 17
3.2 Field data COIBCTION ......c.eiviece bbbt bbbt 19
3.3 Numerical Analysis With MATLAB SOfIWAIE ..ot 24
3.3.1 Regression Analysis for Validation of Previously Developed Correlations.............ccccocvcvneninnnnen. 24
3.3.2 Modification of Existing Correlations to Obtained Best Fit Model............cccocviiiiiieinie i 27
3.3.3  Developing New Best Fit Model/Correlation for Determination of Field Dry Density of Sandy Soil

with a Dynamic Cone Penetration INAEX ...........ccciiriiiiiiiiiieese et 27

3.4 REGIESSION ANAIYSIS .....ecveitieeieetit ettt ettt bbbt b et nnns 27
35 Curve-Fitting Application in MATLAB SOFtWAre ........cccociiiiiiiese e 30
CHAPTER D4 ...ttt b bt e bt e h bt eh e e b e he e e Ee e ekt e ab e eR s e eh e e eb e ekt e mbeesbenbbesbeesbeenbeannas 31
4 RESULTS AND DISCUSSION ...ttt et e s sbe bbbt s besbe e beesbe e sbeeneeannas 31



4.1 1010 [0 (o1 (o] o ORI 31

4.2 MATLAB Regression Analysis with Curve Fitting TOOI ..........ccccooiiiiiiiiiiiee e 32
4.3 Regression Analysis for Evaluate Best Fit Model for FDD for Local Clayey Sand .............ccccceeeee. 32
4.3.1 Regression Analysis Results of Existing Model Validating for Clayey Sand.............ccccccoevvinnine 32
4.3.2 Regression Analysis Results of Existing Model Modification for Clayey Sand.............cccccoovenene 33
4.3.3 Regression Analysis Results of Trailed New Correlations for Clayey Sand ...........cccccoceviniinnnnne 35

4.4 Regression Analysis for Evaluate Best Fit Model for FDD for Local Silty Sand ...........ccccccoevvvnnnee. 39
4.4.1 Regression Analysis Results of Existing Model Validating for Silty Sand ..........c.cccccevvviviivinnnnns 39
4.4.2 Regression Analysis Results of Existing Model Moadification for Silty Sand .........c..cccccvevvinnene 40
4.4.3 Regression Analysis Results of Trailed New Correlations for Silty Sand (SM)......c..cccccevvvvivinnnnae 41

4.5 Regression Analysis for Evaluate Best Fit Model for FDD for Local All Sandy Soil ...............cc....... 44
45.1 Regression Analysis Results of Existing Model Validating for All Sandy Soil ............cccoceiniennen. 44
452 Regression Analysis Results of Existing Model Modification for All Sandy Soil ..............cc......... 46
4.5.3 Regression Analysis Results of Trailed New Correlations for All Sandy Soil ...........ccccvcvvivinnnne 47

4.6 Summary of MATLAB Regression Analysis Results for Each Soil Category concerning the analysed
EQUALIONS ...ttt bbbtk h ekt eh e b b £ bbb bbbtk bt b bbb 51
4.7 Check Statistical Relationship of Evaluated Bestfit Correlations From MATLAB Analysis Using SPSS
10 011 1SS 52
4.7.1 SPSS Statistical Analysis of New Correlation MF-2-M for Local All Sandy Soil .............cccoc...... 52
4.7.2  SPSS Statistical Analysis of New Correlation MF-3 for Local All Sandy Soil.............ccccooeiennee. 53
4.7.3  SPSS Statistical Analysis of New Correlation MF-4 for Local All Sandy Soil............cccoeeinnnee. 53
4.74 Summary of SPSS Software Non-linear Regression Analysis Results for All Sandy Category
Considering Best Fit Correlations From the MATHLAB ANAIYSIS.......ccccoiiiiiinieeeseee e 54

(O N I 0 TP OR RS 55
5 CONCLUSION AND RECOMMENDATION ..ottt ettt s see s 55
51 CONCIUSION ...ttt bbbt bt btk b et b bbbt b e bt et r et b e n e 55
52 RECOMMENTALION ...ttt bbbttt 59
5.3 Recommendation fOr FULUIE STUTIES ..........coviiiiriiiiirics e 59
REFERENCE ..ottt ettt bbb bbb e e b e e h e e b £ bt e b e et e b e nb e eb e e bt ebe e b e e e et e neenbenbeene s 61
APPENDIX A et R e E R R e R e Rt Rt e R e aR e e Rt e n e r e e 65
MATLAB Analysis Data and Detail Summary of Regression ANalySiS ..........ccccevveveieieiieiesieceere s 65



LIST OF TABLES

Table 3.1 Collected NUMDEr OF TESE DAL ......c..eveiiieiieiesie ettt b 21
Table 3.2 Format for the Collected Field and Laboratory Test Data...........ccceverrereninienenceneneee e 22
Table 3.3 Summary of Soil Category Sample Size for the Numerical ANalysis ..........cccccevivviiiviiieiescnie s 24
Table 3.4 Selected Other Researcher's Model Equations for The Validating with Regression Analysis Using
N I I = PP PP PR PR PRPRON 26
Table 3.5 Modified Co relations from The Other RESEArCNErS.........c.ccvvereiieieie i 28
Table 3.6 Trialed New Correlation for MATLAB Regression ANAlYSIS ........c.ccooviiiieieieieninesisie e 29
Table 4.1 Filtered Data Types for FUITher ANAIYSIS .........ccociiiiiinieee e 31
Table 4.2 Summary of Regression ANalySisS RESUILS ............ccoiiiiiiiiiiiee e 51
Table 4.3 Summary of SPSS Nonlinear Regression Analysis Results For All Sandy Soil ..........cc.ccovineninnnee. 54
Table 5.1 Summary of Best Fit Correlations for Represent FDD of Local Sandy Soil ..o, 57
Table A.1 Detail Summary of Regression Analysis of Trial Correlations for Clayey Sand (SC) .........ccccceveuennen. 74
Table A.2 Detail Summary of Regression Analysis of Trial Correlations for Silty Sand (SM) ......c..cccccceevevnnee 76
Table A.3 Detail Summary of Regression Analysis of Trial Correlations for All Sand............ccccceveviiiiiinneen, 78

LIST OF FIGURES

Figure 2.1 DCP Apparatus (Sawangsuriya & Edil, 2005) ........cccevveiieiiiieieiisiesiciecese e 10
Figure 2.2 Relationship between the dry density (yq) and the LDCP Index (Mansour et al., 2019) ..................... 13
Figure 2.3 Relationship between the water content and the LDCP Index (Mansour et al., 2019) ...........ccccceeeeee 14
Figure 2.4 Relationship Between Sand Cone and DCP Outputs (Ampadu & Arthur, 2005).........ccccceverenirenncns 16
Figure 3.1 Flow Chart of Research Methodology and ApPProach ... 18
Figure 3.2 Geographical Locations of Sample Collected (Reference Google Map).........ccccovvervineniinencenienn 20
Figure 3.3 Classified Number of SOil SAMPIES.........coiiiiiiii s 23
Figure 4.1 Regression Plot of Modification of Model-2(Eq.4) for FDD vs FMC & PRI for SC ..........cccccceveee. 35
Figure 4.2 Regression Plot of New Correlation MF-3 for FDD vs FMC & PRI for SC........ccccocovvniiiniennnns 36
Figure 4.3 Regression Plot of New Correlation MF-4 for FDD vs FMC & PRI for SC........ccccoovvvvniinieninnns 37
Figure 4.4 Regression Plot of Modification of Model-2(Eq.4) for FDD vs FMC & PRI for SM............ccccoeeniae 41
Figure 4.5 Regression Plot of New Correlation of MF-4 for FDD vs FMC & PRI for SM .......c.cccoeeviviiiinns 42
Figure 4.6 Regression Plot of Validation of Model-2(Eq.4) for FDD vs FMC & PRI for Sandy Sail.................. 45
Figure 4.7 Regression Plot of Modification of Coefficient of Model-2(Eq.4) for FDD vs FMC & PRI Sandy Soil
.............................................................................................................................................................................. 47
Figure 4.8 Regression Plot of New Correlation MF-3 for FDD vs FMC & PRI for Sandy Soil ...........c.cccceceeee. 48
Figure 4.9 Regression Plot of New Correlation MF-4 for FDD vs FMC vs PRI for Sandy Soil...........c.cccceceeee. 49
Figure 4.10 SPSS Analysis Output ANOVA & Parameter Estimates Results For MF-2-M...........cccccccoeniinnnn. 53

\Y



Figure 4.11 SPSS Analysis Output ANOVA & Parameter Estimates Results FOr MF-3.........c.ccoooiiiiiniinnncns 53

Figure 4.12 SPSS Analysis Output ANOVA & Parameter Estimates Results FOr MF-4 ... 54
Figure A.1 Script File for Clayey Sand SOil...........coiiiiiiiiiii e 66
Figure A.2 Workspace and Imported Variables of Clayey Sand ... 66
Figure A.3 Regression Analysis Plot of Validation of Model-1(Eq.10) for FDD vs PRI for SC...........cccccceenine 67
Figure A.4 Regression Analysis Pot of Validation of Model-2(Eq.4) for FDD vs PRI & FMC for SC............... 67
Figure A.5 Regression Analysis Pot of Validation of Model-3(Eq.11) for FDD vs PRI for SC..........cccccccevveniae 67
Figure A.6 Regression Analysis Pot of Modification of Model-1(Eq.10) for FDD vs PRI for SC..........c.ccoce.e.. 68
Figure A.7 Regression Pot of New Correlation of MF-5 for FDD vs PRI & MDD for SC........cccccooceviiiiiinennns 68
Figure A.8 Regression Pot of New Correlation of MF-6 for FDD vs PRI fOr SC..........cccociiiiiiiiiiiccne 68
Figure A.9 Regression Pot of New Correlation of MF-7 for FDD vs PRI & MDD for SC..........ccccovcininiinienn 69
Figure A.10 Regression Pot of Validation of Model-1(Eq.10) for FDD vs PRI for SM ..o 69
Figure A.11 Regression Pot of Validation of Model-2(Eq.4) for FDD vs PRI & FMC for SM............ccocevvinnene. 69
Figure A.12 Regression Pot of Validation of Model-3(Eq.11) for FDD vs PRI & FMC for SM.........ccccceevnnene. 70
Figure A.13 Regression Analysis Pot of Modification of Model-1(Eq.10) for FDD vs PRI for SM .................. 70
Figure A.14 Regression Analysis Plot of New Correlation of MF-3 for FDD vs PRI & FMC for SM................ 70
Figure A.15 Regression Analysis Plot of New Correlation of MF-5 for FDD vs PRI & MDD for SM............... 71
Figure A.16 Regression Analysis Plot of New Correlation of MF-6 for FDD vs PRI for SM .........cccccociinenne 71
Figure A.17 Regression Analysis Plot of New Correlation of MF-7 for FDD vs for Silty Sand.............cccccoee. 71
Figure A.18 Regression Analysis Plot of Validation of Model-1(Eq.10) for FDD vs PRI for Sandy Soil........... 72
Figure A.19 Regression Analysis Plot of Validation of Model-3(Eq.11) for FDD vs PRI for Sandy Soil........... 72

Figure A.20 Regression Analysis Plot of Modification of Model-1(Eq.10) for FDD vs PRI for Sandy Soil....... 72
Figure A.21 Regression Analysis Plot of New Correlation MF-5 for FDD vs MDD vs PRI for Sandy Soil....... 73
Figure A.22 Regression Analysis Plot of New Correlation MF-6 for FDD vs PRI for Sandy Soil....................... 73
Figure A.23 Regression Analysis Plot of New Correlation MF-7 for FDD vs MDD vs PRI for Sandy Soil........ 73

Vi



LIST OF ABBREVIATIONS

Abbreviation
AASHTO
ASTM
BS
CBR
DCP
DCPI
FDD
FMC
ICDP
LWD
MDD
omMC
QC
QA
RDA
RMSE
SC
SM
SSCM
SSE
TRRL
USCS

WB

Description

American Association of State Highway & Transportation Officials
American Society of Testing and Materials
British Standard

California Bearing Ratio

Dynamic Cone Penetration

Dynamic Cone Penetration Index

Field Dry Density

Field Moisture Content

Inclusive Connectivity & Development Project
Light Weight Deflectometer

Maximum Dry Density

Optimum Moisture Content

Quality Control

Quality Assurance

Road Development Authority

Root Mean Square Error

Clayey Sand

Silty Sand

Standard Specification of Construction Management
Sum of Squared Error

Transportation and Road Research Laboratory
Unified Soil Classification System

World Bank

VIl





