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ATTENTION: TP&D, DESIGN, CONSTRUCTION, MAINTENANCE AND
TRAFFIC OPERATIONS ENGINEERS

MEMORANDUM

SPECIAL PROVISION AND/OR SPECIFICATION CH E MEMORANDUM 15-12

TO: District Engineers Date: March 14, 2012

FROM: John F. Obr, P.E7
Construction Diyg

SUBJECT: Statewide Special Provision 132-—-007 (04), "Embankment”

The above-referenced special provision has been approved for statewide use and is
optional for all projects using ltem 132 beginning with the May 2012 letting.

This special provision revises Article 132.3., Section D., Compaction Methods, by
adding language that affords the contractor the option to use a computer-generated
density curve.

Please disseminate this information to your Transportation Planning & Development,
Construction, Maintenance, and Traffic Operations Engineers.

cc: TxDOT Specification Committee
Federal Highway Administration
Associated General Contractors




APPROVED: :
ate e, 2 LA -

i 7 Examippd and Recommeped
2004 Specifications —h //‘7/// /Mﬁ%” j y 'mu s for Approval
T A o] / o i

Federal Highway Administration % T

SPECIAL PROVISION
132---XXX
Embankment

For this project, Item 132, “Embankment,” of the Standard Specifications, is hereby amended
with respect to the clauses cited below, and no other clauses or requirements of this Item are
waived or changed hereby.

Article 132.3 Construction, Section D. Compaction Methods. The first paragraph, last
sentence, is replaced by the following:

Compact embankments in accordance with Section 132.3.D.1, “Ordinary Compaction,” or
Section 132.3.D.2, “Density Control,” as shown on the plans. Section 132.3.D.3, “Density
Control by Computer-Generated (CG) Curve,” may be used by the contractor as an option for
density control.

Article 132.3 Construction, Section D. Compaction Methods, is supplemented by the
following:

3. Density Control by Computer-Generated (CG) ﬁne. At the Contractor’s discretion, a
CG curve may be used for density control. The option to use a CG curve for density control
is not available for soils with a PI greater than 35; follow the requirements of
Section 132.3.D.2, “Density Control.”
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What Have We Done Since 19307

e Use Laboratory Compaction Results (2 Energy)
for Field Compaction. (No Field Standard?)

« Compactor Technology Has  Advanced
(Multiple Energy). We have not changed?

« Monitoring Technology Has Advanced. We are

only measuring the density and moisture
content.

 No Correlation Between Field Compaction and
Laboratory Compaction?




Field Compaction




WHAT IS COMPACTION OF SOILS ?

What Advancements?




* Compactor Type/Size
* Lift Thickness




Strength?
Permeability?
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FIGURE 3.15 (a) Growth curves for a silty clay—relationship be-

tween dry unit weight and number of passes of 84.5-kN three-wheel
roller when compacted in 229-mm loose layers at different moisture
contents (Redrawn after Johnson and Sallberg, 1960); (b) Vibratory
compaction of a sand—variation of dry unit weight with number of

roller passes; thickness of lift = 2.44 m (Redrawn after D’ Appolonia,
Whitman, and D’Appolonia, 1969)




What Have We Done ? Laboratory Correlations & Modeling..

Relations between compaction parameters and physical properties of fine soil (SI units) (Sivrikava
et al. 2008)

Testing

Properties Method

Relations Equation Numbe

Optimum Moisture
Content. Plastic Limit
Max Dry unit weight,
Optimum Moisture
Content

Max Dry unit weight,
Optimum Moisture
Content

Optimum Moisture
Content, Plastic Limit
Optimum Moisture _

Content, Liquid Limit Modified Wope = 0.35W; (5)
Max Dry unit weight,

Optimum Moisture
Content

Max Dry unit weight,
Optimum Moisture 372 00184, ., (7)
Content

W, = 094w, (D

Standard
Proctor
Compaction

=21.97-027w,, )

:f.i":';u Jma

_ 23.45€—D.D13w,.;__. (3)

:fﬁ":';u Jma

W, = 069w, (4)

Proctor
=22.33-0.285 W (6)

:fd':';u Jma

Compaction

Will This Help in The Field?




How to Interpret the Compaction Curve?
Soil is a 3 Phase Material: Solid, Water and Air

Maximum Dry Unit _
10% air Zero air

voids line —> ~. / voids line
o,
- ~

Compaction

Acceptable

region
Constant

void ratio (e) line

.
£
e
Z
X
it
==
20
QL
=
b
=
2
o
(]

Water Content (%)

Figure 1. Typical acceptable zone for compacted soils




OBJECTIVES

* Field Versus Laboratory Compaction ?
o Computer Generated (CG) Curves
* Intelligent Compactor (1C)

» Design and Build New Devices (A Device for
Compacted Soil Characterization (SP-CIGMAT))

 Verify the Performance of SP-CIGMAT in the Field .




Field Test Site

‘est Pads
- Equipmént Yard —







Field Checks of Density

Nuclear density gauge







SELECTED CL SOIL

Table 2. Summary of Physical Properties of Soils

LL

PL

PI

Specific
Gravity

Remarks

Mean

42

16

26

2.69

Standard
dewviation

2.2

2.2

2.2

0.016

COV (%)

5.3

0.60

Lesser wvariation in the soil
properties compared to other
CL soils selected for the field
study. Also had less LL and
PI to other CL soils




Field Vs. Lab (CL): Curve Location & Shape

Dry Density (Ibsfcu.ft.)

4.0 9.0 14.0 19.0
Moisture Content, (%)

Figure 4. Laboratory and Field Compaction Results for a CL Soil

How to get the field curve (FC)?




Compacted Soil Properties (CL):
Field vs. Lab (Moisture, v, S,, €, N,)

Table 3. Summary of Compacted Properties of CL-A Soil

Compaction
Method

Moisture

Content(%o)

Drv Unit
Weight
(Ib/cu ft)

Degree of
Saturation

(3) (%)

Void
Eatio
(e)

Standard
Proctor (SP)

Optimum

14.6

111.5

777

051

95% Drv

12.5

1059

57.5

0.59

95% Wet

16.9

1059

177

0.59

Site Specific
Compaction
Curve

(SSCC)

Optimum

11.8

120.0

79.6

0.40

95% Drv

10.1

114.0

57.5

0.47

95% Wet

13.6

114.0

774

0.47

Modified
Proctor
(MP)

Optimum

10.3

95% Dry

1.6

95% Wet

13.3




SPECIAL PROVISION
132---007
Embankment

For this project. Item 132, "Embankment.” of the Standard Specifications. 15 hereby amended
with respect to the clauses cited below, and no other clauses or requirements of this Item are

waived or changed hereby.

Article 132.3 Construction, Section D. Compaction Methods. The first paragraph, last
sentence. 1s replaced by the following:

Compact embankments 1n accordance with Section 132.3. D1, "Ordinary Compaction,” or
Section 132.3.D 2. "Density Control.” as shown on the plans. Section 132.3.D .3, "Density
Control by Computer-Generated (CG) Curve,” may be used by the contractor as an option for
density control.

Article 132.3 Construction, Section D. Compaction Methods, 15 supplemented by the
following:

3. Density Control by Computer-Generated (CG) Curve. At the Contractor s discretion. a
CG curve may be used for density control. The option to use a CG curve for density control
15 not available for soils with a PI greater than 35; follow the requirements of
Section 132.3.D .2, “Density Control.”




Computer Generated (CG) Curves

Table 3

Computer Generated Lab and Field Compaction Curve Input Criteria

Input Variables Test Method
Liguid Limat, %o Tex-104-E
Plasticity index (PI), %o Tex-106-E
Tex-110-E,
Tex-111-E
Soil classification Tex-142-E
Compaction roller brand, N/A
type, and model
Loose lift thickneszs, in. N/A
Use 2.65 for soul type SC.
Soil specific gravity Use 2.68 for soil type CL.
Use 2.69 for zoil type CH.

Soil gradation

Provide a compaction control report showing all input and output parameters and CG
compaction curves, including:
CG Tex-114-E laboratory maximum dry density (D,.z)
CG Tex-114-E laboratory optunum moisture content (Wpeeg)
CG field maximum dry density (Dg.) <€
CG field optimum moisture content (Wigp.)
Graph of CG laboratory and field compaction curves and the “Zero Air Voids Line™
Minimum number of roller passes to achieve the required density and moisture content.




Meet the requirements for field maximum dry density (Ds.,) and field optimum moisture
content (Wip.) specified in Table 4. unless otherwise shown on the plans. Use only the

roller specified as an input parameter for the CG curve to meet density requirements.

Table 4
Field Density Control Requirements

Density | Moisture Content
Tex-115-E

Description

PI<15 > 08% Dy, > Wypnce

15<PI<35 > 08% Dy and < 102% Dg, > Wiee

Each laver 1s subject to testing by the Engineer for density and moisture content. During
compaction, the moisture content of the soil should be above CG optimum moisture content
but should not exceed the value shown on the moisture-density curve. above optimum,
required to achieve 98% dry density.




Major Issues With Compaction....

Typeof | | Selection of _» | Compacted Soils | . | Compacted Soil

Soil Compactor 7 Properties

Figure 1 - Major issues in Achieving the Goals of Compacted Soils

Frequently Asked Questions (FAQ)

(1) Is the M-D relationship same for the field and laboratory?

(2) Is a test pad needed for field verification?

(3) Any method available to select the compactor based on available soil on site?

(4) Any method available to select the soil type based on available compactor on site?

(5) Can trial & error practice be avoided in fill construction?

(6) Can contractors construct fills at crew capacities?

(7) What properties of field compacted soil (strength, modulus of resilient) can be determined?
(8) Is the available information on the web?




IS IT COMPACTOR
OR COMPACTION?




- . Intelligent
:E | CompaCtion
-_.. 1echnology

An Innovation in Compaction

Control and Testing

FHWA

Asphalt Pavement Engr.
Office of Pavement Technology

Federal Highway Administration
www.fhwa.dot.gov/pavement/




Compaction Monitoring Using Intelligent Soil Compactors ( 1)

R. Anderegg’. Dominik A. von Felten’, and Kuno Kaufinann’

!Ammann Compaction Ltd., Eisenbahnstrasse 44, Langenthal (Switzerland). CH-4900; PH (++41) 62 916 63 71;
FAX (++41) 62 916 64 60: email: r.anderegg@ammann-group.ch
’Ammann Compaction Ltd.. Eisenbahnstrasse 44, Langenthal (Switzerland), CH-4900; PH (++41) 62 916 63 74
FAX (++41) 62 916 64 60: email: d.vonfelten@ammann-group.ch
*Ammann Compaction Ltd., Eisenbahnstrasse 44, Langenthal (Switzerland), CH-4900; PH (++41) 62 916 63 73:

FAX (++41) 62 916 64 60: email: k. kaufmann/@ammann-group.ch \

Abstract

The nonlinear vibrations of dynamic soil compactors are taken as the basis for feedback control systems for
mtelligent compaction. According to the achieved compaction. the parameters of the soil compactor are
continuously changed.

The wibratory roller measures permanently the stiffness of the subgrade. In conjunction with GPS-data, this
measurement can be used as a QA/QC tool. The stiffness data are directly correlated to plate bearing test.

In practice. the intelligent compaction ensures that the compaction job 1s completed in a minimum number of
passes, the result is monitored and the compaction energy i1s automatically adjusted while measuring the soil

stiffness.
1. Measures the Stiffness of subgrade. 3. QA/QC tool

2. Stiffness Related to Plate Bearing test (Strength?)
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SDOT Studies

Table 1.1. Summary of field research sites.

State Project Dates Rollers® Soils
MN Mn/ROAD research site July 2006 Ammann SD Subgrade: A-6(5), A-4(3),
Bomag 5D, PD A-2-6
Caterpillar SD, PD Base: A-1-b, A-1-a
CO 1-25 reconstruction Aug.—Oct. 2007 Bomag SD Subgrade: A-6(7), A-4,
Caterpillar SD A-4(3)
Dynapac 5D Subbase: A-1-a
Base: A-1-a
MD I-70 interchange Nov. 2007 Bomag SD Subgrade: A-2-4, A-4
Dynapac 5D, PD Base: A-1-a, A-1-b
Sakai SD
FL Branan Field Chaffe/I-10  April 2008 Case/Ammann SD Subgrade: A-3, A-2-4
interchange Dynapac 5D Base: A-1-b
Sakai SD
MC MC311/1-85 divided May—June 2008 Bomag 5D Subgrade: A-2-4, A-4, A-1-b
highway Case/Ammann SD Base: A-1-a
Sakai SD

35D = smooth drum, PD = pad foot drum.

PAmerican Association of State Highway and Transportation Officials classification provided; see Appendix A for more detail.

Include Texas......




COMPACTORS - Measurement Values (MV)

(Automatic Feedback Control)

Table 1.2. Summary of rollers used during the study.

Static
Linear
Dirum Diram Load, Excitation Excitation
Length, Radius, Static Mass, kN/m Frequency, Force,
Roller MV m (ft) m (ft) kg (Ib) (kip/tt) Hz KN (kip)
Ammann/Case ACL10/5V212 k: 2.200(7.22) 0.75(2.4a) 11,500 3l.5 2034 0277
(25,350) (2.2) (0—52)
Bomag BW113-BVC Evih 213 07.00) 0.75(2.44) 14,200 42.4 28 0365
(32,850) (2.9) (0—82)
Caterpﬂlar C5563 CMVC 213 07.00) 0.76 (2.49) 11,100 26.9 32 133, 266
MDP (24.500) i 1.8) (30, 60)
Diynapac CA362 CMVD 213 (7.00) 0.77(2.53) 13,200 37.3 32 0—2a0
(29,100) (2.6) (058
Saleal SW510 CCV 2,13 07.00) 0.75(2.46) 12,500 32.2 37,28 186, 245
(27,600) (2.2) (42,55)

K, & E — Stiffness of Soil

CMYV - Compaction Meter Value

What is the Soil Property?

CCV - Continuous Compaction Value Dry Density, M/C, Modulus?



What is Need for Field Compaction?

1. What is the M/C for Compaction?
(Lab or Field)
2. Will the I1C give you the M/C? No

3. How Many Roller Passes?

(Intelligent Compaction?)




Soll Stiffness (K,)




Frame

Drum

F, =-mx,"+F,cos(Qt)+(m+m )g
F, =m0 Q=2nf | x '=d% Jdt?

e———a Contact Drum-Soil: : |8~ 0% %™K
FE ={: XX
F$
Fs = ke

Soil z kg ’ ﬁ

Figure 1. Analytical model of vertical vibration of a single drum roller (circular excitation). This model is also valid
for vertical deflection of vibratory plates (directed excitation)




In analytical terms. the steady-state dynamic behavior of the soil-machine system from figure 1 can be
described with the help of the equation of motion according to:

Fg = (mf +m, )g +m,r,Q° cos(ﬂr)—mdfvf X=X (1)

where F; = soil-drum-interaction force (kN). m, = drum mass (kg), m,= frame mass (kg). x, = vertical displacement
of the drum (m). m#, = eccentric moment of unbalanced mass (kgm), Q = circular excitation frequency (Hz). The
dot notation signifies the differentiation with respect to time.

The soil-drum mteraction force can alternatively be written

Fo=kexy;+ecoxy; if Fo20, Fo =0 else (2)
where kg = soil stiffness (N/m), ¢5 = so1l damping (Ns/m).

Xy = ZAT cﬂs(iﬂ nf—t;li-) Xgo =X (3)

where ¢, = phase lag between the generated dynamic force and the part of drum displacement with frequency if (°).

Depending on the operational status. the vibration displacement has one or more frequencies:
permanent drum-ground contact, linear: i=1

periodic loss of contact, nonlinear: i=1, 2, 3 ("Overtones™)

bouncing/rocking, subharmonic: 1=1/2,1,3/2,2,5/2.3
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Figure 4. Ammann Compaction Expert ACE: automatic control of amplitude and frequency

What Should be the Moisture Content?




Soil Reaction Force (kN)
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From Acceleration to Stiffness

F, o =-mi, +mr Q" cos(Rt)+ (m,+m,;)g

FBEkad-l_ded ’ LSS

Fg: soil-drum-interaction-force m,: mass of the drum (kg) "

X4: vert. disp. of drum () X, : acceleration of drum

m,: mass of the frame (kg) m,: unbalanced mass (kg)

r,: radial distance for m, Q=27 f

g: acc. due to gravity (m/sec?) f: frequency of rotating shaft (Hz)
x ;. velocity of drum kg stiffness of soil

dg: damping coefficient (dg ~ 0.2)




From Stiffness to Modulus
(theoretical)

E-L-w

1

2-(1-v2)- 2.14+5-]11




From Stiffness to Modulus
(experimental)

lgy =7+ 113k, =083 Mgy =40+1.97 kg =079

s .

Ky [MN/m]

From AMMANN




Controls in a Compactor
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CCC

GPS-based Continuous Compaction Control displays the Compaction process

If we link the work-integrated bearing capacity measurement of "mtelligent rollers” with the information on position
and time supplied by the GPS system. the compaction process can be recorded and presented in graphic form. The
machine operator is able to use the graphic visualization of the compaction process to assess the compaction
achieved, the number of roller passes, the inerease in compaction and other information, so as to optimize his work
accordingly. Moreover, digital construction plans can be read in, and the working procedure and the compaction
result can be recorded and evaluated on them. Figure 5 shows a compaction result comprising the soil stiffness
attained and the number of roller passes. The original construction plan was available in digital form and was read
in prior to starting work.

ACE

plus

Animanin
Compeciion
Enpert

GPS Accuracy
0.4 to 0.8 Inch

---------------------

A g S

Correlation

100 150
by M

Figure 5. ACEs:Continuous Compaction Control using differential GPS technology. The soil stiffness
measurement 1s directly correlated to the data of plate bearing test



NEW MONITORING
DEVICES

2. Strength




1. Initial, Tangent, Secant, Resilient, Cyclic?

2. What Test? Lab vs. Field

3. Replace Dry Density?




FUTURE PRACTICE

Based on Modulus

Modulus test to get modulus
VS. water content curve

X% of E .«
within range of w

Intelligent compaction and check
that E _, and w meet the specs

J-L Briaud, Texas A&M University




Which Modulus?
PLATE MODULUS in FIELD

BPT: Briaud Plate Test

J-L Briaud, Texas A&M University




NEW PENETROMETER

SP- CIGMAT




Pavement Design
Modulus of Resilient (Mr) = k (CBR)"

Liner
CBR =K +aLL + bPL+ cGg+ dyg + ew + fS, + gE

Nonlinear
CBR =k x LL* X PL” X Gs® x y,% X w® x S, 7 x E9
also represented as

Log CBR = LogK + aLogLL + bLogPL + cLogG,+ dLogy,; + elogw
+ flLogS, + glogE




4

*

z ¢ y =0.6071x ) y = 0.6858x + 0.3075
RZ=0.7142 RZ=(0.6527

50 su(psi) 100 150 1

Log Su 2

Overall — Linear Overall - Nonlinear

CBR — m (Su)f
Resilient Modulus M, = f(Su)




Figure 5. SP-CIGMAT Mounted on a Soil Sampling Rig







Shear Strength

The bearing capacity theory with non-linear relationship, where relationship between soft

rock/stiff clay unconfined compressive strength (G,, psi) and ultimate strength (g, psi) was
suggested by Zhang and Einstein (1998) and Vipulanandan et al. (2007) was used and is as
follows:

Guir = Uqg (Gu)m 2 (1)

where, magnitudes of parameters m and ¢, depend on the type of soft rock/stiff clay and
unconfined compressive strength (G,, psi = 2S;)). This relationship can be used to relate the
undrained shear strength of soil (S,) to the penetrometer deflection (8y.:). The relationship for
penetrometer deflections (Omax) and the shear strength (S;) is as follows:

1.78

N= 19  R’=0.72. (2)

Se=56.4 F Spmax

N =19 data

80

60

40

Shear Strength (psi)

20 A

0 I 1
0.000 0200 0400 0.600 0.800 1.000 1.200 1.400 1.600

Penetrometer Deflection, 8, (in)

Figure 6. Relationship between SP-CIGMAT deflections (8,5.,) and Shear Strength (S,)




California Bearing Capacity Ratio (CBR)

Present design approaches of subgrades for pavement design use CBR wvalues to
determine the resilient modulus. Hence it was of interest to determine the correlation between
CBR and SP-CIGMAT penetrometer deflection. Compacted field samples were collected in
CBR molds and test were performed in the laboratory. Total of 7 CBR tests were performed and

the relationship for penetrometer deflections (6.x) and the CBR was as follows:

CBR =33 6,2x , N=7, R? of 0.78. (3)

Egn. (3)

Led
=

CBR (%)
[
=

[S—
=

0
0.000 0200 0400 0.600 0.800 1.000 1.200

FPenetrometer Deflection, dpax (in)




Conclusions

(1)Field Compaction Is not Laboratory
Compaction.

(2) Intelligent Compactor 1s being Used as
QA/QC for Compaction (Soil Modulus?)

(3)New Advances in Compaction Technology
(Computer Generated Curves) Can be Used
for Design and Monitoring

(4) Others/SP-CIGMAT Can be Used During
Construction for Compacted Soll
Characterization (Strength, CBR).
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