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Objectives

A Define and compare cracking potential of actual
HPCmixes used in bridge decks by the NJDOT
0y using a modified version of AASHTO PP34
RINng Test.

A Investigate the effects of major mix design
parameters on cracking potential of HPC & SCC
mixes

A Provide guidance andrecommendations to
selecting HPCand SCC mixeswith lower
cracking potentials
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Problem Statement

A HPC bridge decks are observed to crack, sometimes

soon after being poured, increasing maintenance costs
and shortening overall service life

A There are several reasons for deck cracking and drying
shrinkage is considered one of the main contributors

A Need to examine the behavior of HPC mixes under

restrained conditions and identify the parameters that
affect cracking performance

A Need to establish quality control limits to reduce deck
cracking and to refine mix design parameters
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Background of Shrinkage and Ring Test

A Shortly after AASHTO Test was accepted it was realized that the
test had the following disadvantages:

A Long time required for cracking to take place

A No information was provided for mixes that did not crack in terms of
stress development

A Studies focused on improving the test by shortening time to
cracking and identifying the stress development

A Work by Weiss and Shah (2002), See et al. (2003 and 2004),
Hossain and Weiss (2003), and See, Attiogbe, and Miltenberger
(2004) all lead to the development of the standardized ASTM Ring
Test
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Background of Shrinkage and Ring Test

AASHTO PP34 Ring Test

Section A-A

A 4 strain gages are attached to the inner steel ring to signal cracking
A Mixes are compared based on their time to cracking from initiation
of drying

A Mixes that do not crack are accepted to be satisfactory under
restrained shrinkage
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Background of Shrinkage and Ring Test

ASTM 15811 Ring Test Setup

Outer Ring

Concrete Ring
Specimen

Bolt with
eccentric

Nosabsorptive
Base

A Concrete ring dimensions were decreased and the steel ring diameter was
increased to shorten time to cracking

A Stress formulations were developed (for this geometry and drying
conditions only) to understand the level of stress in mixes that do not crack

A Maximum nominal diameter was limited to Y2 inches
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NJDOT SCC PROJECT

A Performance of existing SCC mixes in NJ.
A Compressive Strength N
A Tenslile Splitting Strength
A Drying Shrinkage

Autogenous Shrinkage

Modulus of Elasticity > Completed

Rapid Chloride Permeability

Freezelhaw

A Scaling

A Creep
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SCC PROJECT OBJECTIVES

>

To investigate SCC mixes without VMA.

To determine theffect of pozzolanic and cementitious
materials on durabilibf SCC.

To compare the performanaeSCC with high
performance concrete (HPC).

A To validate available prediction models/equations,
Including modulus of elasticity, tensile splitting
strength, and drying shrinkage, using experimental
results from SCC tests.

>

T
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NJDOT HPC Experimental Setup

A 16 HPC bridge deck mixes were obtained from
NJDOT to test restrained shrinkage
performances

A Mechanical properties to be investigated
Include:

A Compressive Strength

A Splitting Tensile Strength
A Modulus of Elasticity

A Free Shrinkage
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NJDOT HPC Mix Proportions

A Due to the great number of variables the mixes
were grouped into four based on their
percentages of cementitious materials

Grou Definition

40% Slag replacement

4% Silica fume and 30% Slag replacement
Only Stlica fume replacement
Vartous percentages of stlica fume, slag, and ly ash
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NJDOT HPC Material Properties

A Materials needed for the mixes are supplied by NJDOT from various

sources in New Jersey

Material

[ Supplier
‘ Tilcon Quarries

| Trap Rock Industries

‘ Plumstead Materal

. - Fanwood Crushed Stone
No. §7 Coarsc p

Agoregate

Coarse Aggregate Independence Matenals #3537 Devault

. Better Materials Penns Park

’ Stavola Construction Materials
Mt. Hope Rock Products

: ,”*,"",f,d Qurzur'r'\” -
Sahara Sand

: Clayton Sand

| Tuckahoe Sand & Gravel
RE Pierson
Dunrite Sand

Amboy Aggregates

(C'33 Fine

Fine Aggregate Aggregate

|
County Concrete

Material Supplier
Essroc

| LaFarge

| Lehigh

Portland Cement Portland Type I'1]

Riverside Cement
| Slag Grade 120
Slag Newcem

Essroc
Lafarge

Grancem St. Lawrence

| Euclide MSA | Euchide Chenucal
| Rheomac SF100 | Master Builder
Sikacrete 950DP | Sika

Silica Fume

Fly Ash

Material Supplier
Daravair 1000 W.R. Grace
Euchid Air Euclide Chemical
Fuchde AEA-92 Euclide Chemical
AEA MB AE-90 Master Builder
MB VR Master Builder
Seteon 6A Great Eastern
Sika AEA-15 Sika
Chemstrong A (rreat Fastern
Water Reducer | Euchde WR 89 Euclide Chemical
WRDA/HYCOL W.R. Grace
Chemstrong SP Great Eastern
Daracem 19 W.R. Grace
i Eucon 37 Euclide Chemical
HRWR MB Glenium 3030 Master Builder
MB Rheobuild 1000 Master Builder
Sika Stkament 86 Stka
Eucon 73 Euclide Chemical
Retarder MB Pozz 100xr Master Builder
Sika Plastimen Sika

| Type F Fly Ash | Separatuon Tech




NJDOTHPC Mix Proportions Group 1

(Ib/cyd)

R311266

R408847

R200578S

R309494*

Mix Designation

GIMI1

G1M?2

G1M3

G1M4

Portland Cement

480

394

Type

I

Silica Fume

0

Fly Ash Class F

0

Slag

Total Cementitious Content

Course Agg. No. 57

Fine Agg.

Course Agg./Fine Agg.

Water (gal)

W/(C+P)

Water Reducer (oz/cwt)

Retarder

Superplasticizer (oz/cwt)

AFEA (oz/cwt)

Slump (in)

Air Content (%)
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Slag HPC Mix Proportionsi Group 2

(Ib/cvd)

R408850

R409239

R309497

R310682

R2006265

R2000335

Mix Designation

G2M1

G2M2

G2M3

G2M4

G2MS

G2MO6

Portland Cement

436

436

435

436

461

Tvpe
Silica Fume

Class F Fly Ash

I
2

I

25

I
25

1T
25

4%
0

4%

0

4%%
0

4%
0

Slag

197

197

197

197

30%

3024

30%

30%%

Total Cementitious
Content

658

658

657

658

683

Course Age, No. 57

1700

1700

1850

1550

1811

Fine Agg.
Course Agg./Fine
Ago,

1196
1.42

1196
1.42

1247
1.48

1230
1.50

1156
1.57

Water (gal)
W/N(C+P)

31.1
0.4

31.5
0.4

31.5
0.4

32.8
0.4

Water Reducer

3

Retarder
Superplasticizer
(oz/cwt)

1.0
3.0

AEA (oz/cwt)

0.9

Slump (in)

(&)

Air Content (%0)

7.75%
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NJDOT HPC Mix Proportions Groups 3 & 4

(Ib/cyd)

R308163

R308278

R309495

R408844

R309496

R408694

Mix Designation

G3M1

G3M2

G4M 1

G4M2

G4M3

G4M4

Portland Cement

700

435

411

394

571

Type

1

655

|

|

|

Silica Fume

3:

50

50

50

50

5

7%

7.5%

7%

7%

Class F Fly Ash

0

0

69

10%

Slag

0

Total Cementitious Content

Course Agg. No. 57

Fine Agg.

Course Agg./Fine Agg.

Water (gal)

W/(C+P)

Water Reducer (oz/cwt)

Retarder (oz/cwt)

Superplasticizer (0z/cwt)

AEA (oz/cwt)

Slump (in)

Air Content (%)
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Mixing and Fresh Sampling of Concrete

MEASURED GIVEN by NJDOT

Slump = Air Content
(in) (%)

Slump Test Air Meter

THE STATE UNIVERSITY OF NEW JERSEY
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Laboratory Tests

Test

Number of
Specimens

Applicable

ASTM Standard

Curing
Conditions

Age of
Concrete at
Test, days

. Slump

1 per batch

C143

None

0, fresh

. Fresh Air Content

1 per batch

C231

None

0, fresh

. Free Shrinkage

3 per mix

C157

7 day wet

1 to 91 days

. Restrained
Shrinkage

2 per mix

AASHTO PP34

7 day wet

1 to age of
crack (max
91 days)

. Compressive
Strength

15 per mix
(4 x 8 1n)

7 day wet

3,7,14, 28
days, and
crack age

. Splitting Tensile
Strength

15 per mix
(4 x 8 1n)

7 day wet

3,7, 14,28
days, and
crack age

. Modulus of
Elasticity

THE STATE UNIVERSITY OF NEW JERSEY

15 per mix
(4 x 8 1n)

7 day wet

3,7, 14, 28
days, and
crack age




Laboratory Tests
C | S

Modulus of Elasticity Free Shrinkage
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Slag HPC I\/lemg and Concrete Testlng

Concrete Mixer Air Meter

Air Content
(%)

-
—
AM | 6 | 5
_
_

Slump Test Elastic Modulus Free
Lo [ o | 55— Test Shrinkage
LC-M2 | 575 Test
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i
FREE SHRINAKGE
FREEZE-THAW

J
X
.,

RAPID CHLORIDE PERMEABILITY

E-MODULUS '



DR D AN

Test Frequency | Applicable Curing Age of
ASTM Conditions Concret
Standard e at Test,
days
1. Spread Slump 1 per batch | C143 None 0, fresh
(Modified)
2. Fresh Air Content | 1 per batch | C231 None 0, fresh
3. L, U Box, or Jring 1 per batch | ASTM Int None 0, fresh
Test
4. Unit Weight 1 per batch | C138 None 0, fresh
5. 3Day, 28Day 2 per batch | C39 3, 28 day wet | 3, 28 days
Compressive & 4 per
Strength mix
6. 28Day Split 4 per mix C496 28 day wet 28 days
Cylinder

Tensile Strength




DR D N N
Test Frequency| Applicable Curing Age of
ASTM Conditions | Concrete at
Standard Test, days
7. 28-Day Modulus of | 3 per mix | C469 28 day wet 28 days
Elasticity
8. Air Dry Shrinkage |3 per mix | C490, C157 1 day wet 1 to 90 days
9. Air Void Analysis of | 1 per mix | C457 28 day wet NA
Hardened Concrete
10. Restrained 1 or 2 per | None 1 day wet 1 to 90 days
Shrinkage mix
11. Freeze Thaw 3 per mix | C666 14 day wet 14 days
12. Scaling 1 per mix |C672 14 day wet 28 days
plus 14 day
dry
13. Rapid Chloride 3 per mix | C1202 28, 56, and 90| 28, 56, and
Permeability days 90 days




Restrained Shrinkage Test Setup

6 VWSG Setup

8 ‘. o =

VWSG 4

4 foil gages are attached as before on mid-height of the steel ring
Six VWSG sensors are then placed into the fresh concrete.

This setup allows monitoring the full strain profile in the middle
section of the concrete ring

A All sensors are labeled following the clockwise direction.

THE STATE UNIVERSITY OF NEW JERSEY
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Sensors and Instrumentation

Geokon Model 4000 Vibrating Wire Strain Gage

A Concrete compression and tension strains are recorded in terms of
changes in vibrating wire frequency changes.
A 6 inch gage length with a measuring accuracy of 1 microstrains

Vishay 120 Ohm Resistance Foil Strain Gage

A Full bridge foil strain gages are installed on the steel ring used to
measure steel ring strains

THE STATE UNIVERSITY OF NEW JERSEY
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Restrained Shrinkage Test Setup

Specimen Preparation

A Inner steel ring and outer sonotube mold are sprayed with a release
compound, rings are poured, demolded at 24 hours, and wet cured
for 7 days

THE STATE UNIVERSITY OF NEW JERSEY
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Restrained Shrinkage Test Setup

Data Collection and Analysis

A Data is collected from each sensor at 5-minute intervals and stored
in a permanent computer using a data acquisition system

A Strains from each mix are plotted every 2 to 3 days and visual
observations of the rings are done for mixes that experience high

concrete strains
A Environmental Chamber, 74 Gt 3, RH at 50+ 4.

THE STATE UNIVERSITY OF NEW JERSEY
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Restrained Shrinkage Test Setup

Data Collection and Analysis

A The ring is visually inspected in the area where the
VWSG has exceeded the measured cracking strain

A A microscope is used to measure crack widths
A Cracking day, crack widths and lengths are noted

THE STATE UNIVERSITY OF NEW JERSEY
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Restrained Shrinkage Test Setup

Specimen Preparation

A Outer steel ring, inner sonotubmold, and wooden béard are
sprayed with oil, rings are poured, VWSGs embedded, demolded at

24 hours, and wet cured with soaked burlap for 14 days

THE STATE UNIVERSITY OF NEW JERSEY
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Restrained Shrinkage Test Setup

Data Collection and Analysis

A Tensile Strength and Elastic Modulus are measured on regular
testing days. Cracking strain is found by dividing the tension _
strength by the concretedos el astic

A The cracking strain is than
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plotted against the strains - wse
measured In the concrete ring to | 4 VWSG3
compare how much cracking - VWSG 5
pOtentIaI a partICUIar mIX haS Cracking Strain

40 60
Time (days)

THE STATE UNIVERSITY OF NEW JERSEY




Analysis of Results

Mechanical Propertiesi Group
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Mechanical Properties i Group 2
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Restrained Shrinkage Ring Test

A Early age steel ring strains (during the
curing period) were observed to be
negligible, and concrete strain analysis
was based on observed strains after
initiation of drying (as AASHTO PR34
Test Requires)
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Cracking Behavior and Patterns

A Majority of the mixes (14 out of
15) experienced cracking on the
outer surface that extends 1 to 1.5
Inches towards the steel ring

Crackéd Day 163

\ J_ P— ’V H,-r,—,"',,',':','!',',','ry ,,,,,,,,,,, ,,,,,,,,,,,,,,,,, :
¥ \ ;

g _.__._..——0-0-0-0—0—0-

- -o—o—o—v —0-0

Strain in Concrete (m ¢

- VWSG 1 —VWSG 3%~ VWSG 5
-#-VWSG 2 -+ VWSG 4 -+~ VWSG 6

Time (Days) Time (Days)
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Cracking Behavior and Patterns

A Only one of the mixes experienced a full depth crack which
was picked up by the steel ring foil gage sensors

A The cracking pattern was still the same with the crack
occurring earlier in the outer surface of the concrete ring

- VWSG 1 - +=VWSG 3 ~*VWSG 5
-®-VWSG 2 -+ VWSG 4 -+ VWSG 6f-e~

2 E
L0 S I N

me

WA rrrrrrrrrrrrrrrrrrrrr A—
Crackéd DayQ

AN
£
()]
H —
Qv )
O Q
S N
O =
= £
= ©

)
g &
N

S
o O

40 60

Time (Days) Time (Days)
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Summary of Restrained Shrinkage Tests

Number CA/FA
of Mixes Ratio CA Content
80% equéato 80% equéato or
Total Uncracked 6 or greaer higher than 1800
than 1.48 Ibs/cuyd
80%less 75% L essthan
Total Cracked 9 than 1.48 1725Ibs/cuyd
High High
A A
5Mixes 2 Mix 5 Mixes 2 Mix
U « > C U <«
1 Mix 7 Mixes 2 Mixes 6 Mixes
v v
U = Uncracked
L ow L ow

C = Cracked

CA/FA Ratio
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Cement
Cracking Content | Content
Da CA/FA | (kg/m3) | (kg/m3)

1| 8 | 10 | 133 | 979
2] 13 | 13 [ 1.42 | 1009 |
Not Not
Cracked Cracked

Cracked Cracked 1.48 1098 390

Not Not
Cracked Cracked AT 1074 405

10 | 9 | 145 | 1023

Not Not
Cracked Cracked 137 1038 418

Not Not
Cracked Cracked 1.48 1098 396

1009

Not Not
Cracked Cracked 1.48 1098 419

Gama| 65 | 60 | 146 | 1068




Correlation of Free and Restrained Shrinkage

A Mixes having low restrained and free shrinkage rates were
observed not to crack (or crack later than other mixes)

A Mixes with the lowest rates all had less than 450 microstrains of
free shrinkage at 56 days

- —y =420.95 + 0.65864x R=0.84072

=
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o
o

=
o
o
o
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m Uncracked MixeE

500 1000 1500 2000
Restrained Shrinkage Ratat dog t)
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—
=
| —
<
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e
LL

GIM3 | G2M3 | G3M2 | G4MI1 | G4M3 | G4MN4

Cracking Day N/A N// N/A 60

| N/A N/A
56 day Free ,
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Correlation of Free and Restrained Shrinkage

A A correlation was also made by comparing daily free shrinkage
measurements until cracking (or 56 days) with the restrained
shrinkage strains measured in the concrete ring.

A The slope of the correlation functions, denoted as & (the
correlation parameter for restrained and free shrinkage) was used
to correlate shrinkage with other mix design parameters

A Three zones were identified for &
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Correlation of Free and Restrained Shrinkage

A Mixes which had the lowest rate of 20 microstrains/day or
less had a value for a of 0.4 or less.

A Two of the mixes which had correlation parameter value of
less than 0.2 were observed to use less than 60% of their

cracking capacities

® Cracked

R= 0.76412~

--——y = 0.15482 + 0.0061702x
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Correlation of Cracking Potential with Aggregate Content and

CA/FA Ratio
1.2
® Cracked I
© ‘ B Uncracked and Capacity Used < iil ©
o “| a Uncracked and Capacity Used > 60% -
-‘G_.) : : : : E
Q ©
= £0.
S S
©
pe o
c
2 S
[J) o
= . o
§O2r s 50 | | | A
"“Y—§5.02315—0.00253775x R— 0.709.82. . O --y:51614 32472xR:O68572\
| ‘ ‘ ‘ 0 | | om e
1010 1070 1¥0 713 135 14 145 15 155 16

Coarse Aggregate (kg/cu.m)

CA/FA Ratio

A Increasing the total coarse aggregate content was found to
decrease the correlation parameter,g, which means a
reduced cracking potential

A Using CA/FA ratios of 1.48 and above was also found to
decrease g
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Correlation of Cracking Potential with Total Cementitious
Content

A Increasing the total cementitious content was found to
Increase the correlation parameter, a, which means a
higher cracking potential

A Variations were observed between some mixes due to
different coarse aggregate contents

==y = -3.0207 + 0.0050822x
R= 0.76359
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B Uncracked and Capacity Used < 6

A Uncracked and Capacity Used > 6%
______________A
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Ranking of Mixes According to the Measured Concrete Strains

% of Cracking Strength

Cracking Day

Mix Name

Designation

Ring
1

Ring
2

Average

Ring
1

Ring
2

Average

R200578S

G1M3

37%

NA

37%

NC

NC

NC

R309497

G2M3

58%

30%

44%

NC

NC

NC

R200633S

G2M©6

6/7%

58%

63%

NC

NC

NC

R308278

G3M?2

83%

68%

/6%

NC

NC

NC

R309496

G4M3

86%

NA

86%

NC

NC

NC

R309495

G4AM 1

94%

NA

94%

NC

NC

NC

R408694

G4aM4

100%

100%

100%

60

65

62.5

R200626S

G2M5

100%

100%

100%

43

53

48

R408850

G2M1

100%

100%

100%

47

45.5

R310682

G2M4

100%

100%

100%

20

18

R408847

G1M?2

100%

100%

100%

13

13

el
NIRIBlo|lo|Njo|olsw|Ne

R408844

G4AM 2

100%

100%

100%

13

12

=
w

R409239

G2M?2

100%

100%

100%

10

9.5

H
N

R308163

G3M1

100%

100%

100%

10

9.5

15

R311266

G1IM1

100%

100%

100%

10

9

16

G1M4*

NA

Unable to re-producethis mix with proportions asprovided.
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Slag HPC Testing Setup
Objectives and Scope

A Investigate the effect of various parameters (i.e. Coarse
Aggregate, Amount of Cementitious Material, etc.) on
the shrinkage behavior of HPC with Slag

A Optimize mix proportions to:
1. Minimize shrinkage
2. Reduce or eliminate cracking
3. CostEffective

THE STATE UNIVERSITY OF NEW JERSEY
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Materials and Suppliers For Slag HPC
WINEEES

A Suppliers for cementitious materials, aggregates, and admixtures

| Materl | Supplie
Portland Type
St. Lawrence

Sihica Fume Force 10.000 D Grace Construction

Coarse Agorecate No. 57 Coarse Agoresate Piersons
o =) o e il o
Fine Agoregate C33 Fine Aggregate Piersons
Air-Entramment Axim

Super Plasticizer SPM 1000 Axim

THE STATE UNIVERSITY OF NEW JERSEY
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Mix Proportions

A All mixes were placed into three main groups based on
coarse to fine aggregate ratio and total cementitious
material per cubic yard

Law coatse o fine aggregae rafto of | 32
T00 Toafm wd of total cementitious content

High coatse o fine azaresste tatto of 1 6
(High Apgereaste) | T00 Ta/ow wid of total cemertihions corderd
Lowet cementttous conterds of 20, 623, 600 tha/mu yd
(Low Cement) | High coarse to fine azorezate ratto of 16 was kepd

THE STATE UNIVERSITY OF NEW JERSEY
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Mix Proportions1 Groups LA and HA

(Ib/cu vd)

4A-700-S

4B-700-5

Mix Designation

LA-M3

HA-M3

Portland Cement

395

395

Tvpe

I

I

Sihca Fume

25

Slag

280

Total Cementitious
Content

Course Agg. No. 57

Fine Agg.

Course Agg./Fine Agg.

Water

W/(C+P)

Superplasticizer
(oz/cu vd)

AEA (oz/cu vd)

Slump (in)

Air Content (%)




Mix Proportionsi Group LC

(Ib/cu vd)
Mix Designation
Portland Cement

Tvpe
Silica Fume

Slag

Total Cementitious
Content

Course Agg. No. 57

Fine Agg.

Course Agg./Fine
Ago,

Water

WAC+P)
Superplasticizer
(oz/cu vd)

AEA (oz/cu vd)
Slump (in)

Air Content (%9)




Results and Analysis

Mechanical Propertiesi Group LA

Compressive Strength (psi)
Tensile Strength (psi)

--H--LA-M2,
- — LA-M3

Time (days) Time (days)

(4]
o
o
o

Modulus of Elasticity (ksi)

- 49— LA-M3, 40% Slag

THE STATE UNIVERSITY OF NEW JERSEY
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Mechanical Propertiesi Group HA

()]
o
(e}

Compressive Strength (psi)
Tensile Strength (psi)

40 60

Time (days) Time (days)

(8}
o
o
(@)

Modulus of Elasticity (ksi)

-— HA-M
--l--HA-M2,

THE STATE UNIVERSITY OF NEW JERSEY i i
40 60

Time (days)




Mechanical Propertiesi Group LC

()]
o
(e}

Tensile Strength (psi)
3
o

0 Ib cement |
5 Ib cement
LC-M3, 600 Ib cement

Compressive Strength (psi)

40 60

Time (days) Time (days)

Modulus of Elasticity (ksi)

- — LC-M3, 600 Ib cement

THE STATE UNIVERSITY OF NEW JERSEY
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Mechanical Properties
Free Shrinkage

. S S P S S =t Pe—— e F—— AN I S ) S I ) S S S A |

-— LA-M1, CA/IFA=1.32, 30% Slag i -8— HA-M1, 700 Ib cement, 30% Slag
--m--LA-M2, CA/FA=1.32, 40% Slag --m--HA-M2, 700 Ib cement, 40% Slag
- — LA-M3, CA/IFA=1.32, 40% Slag 5 - 49— HA-M3, 700 Ib cement, 40% Slag |
--&— HA-M1, CA/FA =16, 30% Slag --&— LC-M1, 650 Ib cement, 30% Slag
----%--- HA-M2, CA/FA = 1.6, 40% Slag ----¥--- | C-M2, 625 Ib cement, 30% Slag ||

--@- HA-M3, CA/FA =16, 40% Slag -=@- LC-M3, 600 Ib cement. 30% Slag ||

w
=
IE
[y
—
+
v
L)
o
«
X
o
=
Lo
v
L))
[
|
18

Free Shrinkage Strain {uc)

40 60 20 40 60
Time (days) Time (days)

Groups LA and HA Groups HA and LC
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Restrained Shrinkage Behavior and Cracking Patterns
Mix LA-M1

- VWSG 1
--m--VWSG 2
- &= VWSG 3
k= VWSG 4
B WS( )
==m= VWSG 6

B Cracking Strain

Relaxatic
eracking

(day

N |
77 Gracked at Day-19--
"~ (day 5|after/curing) | .
"““:"iln“‘-—'*l"-'——l‘r—"%‘;r‘”-h'—*-f'---Av‘—"-i—-i.' 1

dy
(6)]

rain in Concrele ipej

St
S}

Strain in Steel (pe)

. G -’.'- .‘... --.v‘..?.....'f‘*'..-.*.--.‘hnw..; )
| | | | | |

40 60
Time (days)

Wi S0-6 W 50-0 Yo' s0—4 W s0—-3 Wi 502
T S A e [
W 51004 gse1 W W%/_ AES oo B2 . ﬁj

527 0l 5/8 D2

-

58 002 51
k

SETEVIRE T < 541

Ring Specimen 1 (Measurements in mm)

26,227




Restrained Shrinkage Behavior and Cracking Patterns
Mix LA-M2

-o— FsG2 | ]
--m--FSG3 |-

VWS
T ] VWSG v ey v v
» : ] 2 | | |
\ |
\
\

S—— o T .._L-_. :
-l Crackqd at Day 20 |
(qay 6after| curi ; (e

xtion:i

TS, 5k A

Strain in Steel {pe)
Strain in Concrele {pe)

40 60
Time (days)

VW Sh-6 VW SG-2 NATNERE: ViWsSh-3 : W EG-1

6res™ SIIQED.DE B/23 DEM o —

001 D oat e;eg‘fﬁﬂ“f\; 497000 | 49 004 409 go g 6/210 ﬁn.m L7z o

6483 &/ 2
fom 0.0e 0.0

B/ 5 474 006
r"'-'-l W

0Ll - 6/23 g2

o o040z \J

5419 3 '
00e 449 0t S 459 008
&/23 (} /7 00 a H&ﬁ 541 002

0.02 /25 001 il

Ring Specimen 1 (Meosurements in mml

06,227




Restrained Shrinkage Behavior and Cracking Patterns
Mix LA-M2

[| --m--VWSG 2
o VWSG 3
k= VWSG 4

| === VV\ G 6
[| == Cracking Strain |"|"

5
!

S S,
~%acked at Day 25 ‘

J&‘ay 11 after_@w_‘,_,_

- ..m.. ,-.-.-

. .R&laxin‘g ,treﬁd.‘in EFS,sz ,an(:i <N
| due to cracking at day|25 :
(day 11 after curmg) 1

Sirain in Steel {us
Sirain in Concrele {pe)

Time (days)

Vi SG-6 VW SG-3 VW SG0-4 U‘W’SG—E Vi S0-1

0.0 ' &/23 002 K] T T ﬂ(?
471 /\T 'EIEIE 0,01
4;‘9

e
i
307 /';5;1

nog Eu‘ES
e \ﬁw VIS e g 04 622 102
DoEL. - 623

e~ | 577 . "
002 wog™ 547 - L = :
— e 001
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Restrained Shrinkage Behavior and Cracking Patterns

THE STATE UNIVERS

Strain in Steel (pe)

Sirain in Concrele ipe)

Mix HA-M1

-— FSG1

--m--FSG2 |
- —FSG3

--k— FSG4 |.

PRET Ve U (O SEPTTRSTYR] (Ve i
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Restrained Shrinkage Behavior and Cracking Patterns

Mix HA-M1
VWSG-3 VWSG-2 VWSG-1

AT VATAETS PATMNELE:!
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Restrained Shrinkage Behavior and Cracking Patterns
Mix HA-M2
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Restrained Shrinkage Behavior and Cracking Patterns
Mix LGM1
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