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Research Objectives

It's well accepted that concrete with recycled concrete aggregates (RCA) have
greater shrinkage:

* The paste phase in RCA contribute additional shrinkage

« BUT shouldn’t this paste largely have gone through its shrinkage over its
lifespan?

Gain insight to how much the paste phase of RCA contributes to the overall

shrinkage of concrete.

4
THE WORLD’S GATHERING PLACE FOR ADVANCING CONCRETE OCL" CONCRETE E
CONVENTION




3§ CALPOL

Outline

Shrinkage testing results and analysis
Modeling of shrinkage
Conclusions

THE WORLD’S GATHERING PLACE FOR ADVANCING CONCRETE

Description of aggregates and concrete batches
Determination of modulus of elasticity of aggregates
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Aggregate Properties

Material ID Description of Materials Absorpt|on

=lpeiAG[sf | Sisquoc C33 Sand - Fine Aggregate 4.75 (1/8)
Natural Coarse Aggregates - Santa Margarita
) 2.61 1.4

Crushed Granite

RCA - w/c unknown; from San Diego, CA 2.47 4.9

Saturated RCA - 0.45 w/c Parent Concrete 2.44 54

25 (1)

Dried RCA - 0.45 w/c Parent Concrete 2.43 5.3
RLD Dried RCA - 0.30 w/c Parent Concrete 2.46 4.7 4
RHD Dried RCA - 0.60 w/c Parent Concrete 2.44 5.1
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Passing (%)

Coarse Aggregate Gradations
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Variables in Concrete Produced

w/c 0.30 0.45 0.6
N Replacement | 100% | 25% | 50% | 75% | 100% | 100%
R X X X X X X
RS X X X X
RD X X X X
RLD X
RHD X

+ 4 with 0% Replacement @ w/c = 0.30, 0.45, 0.60

Coarse aggregates occupied 37% of total volume
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MOE for Different Recycled Aggregate Types
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28-day Static Modulus of Elasticity, E. (GPa)
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28 Day Elastic Model - exponential mixture rule
Ecprea = (Ex)'N (ER)'R (Egs)"®S (Epp)"R0 (Egyp)VALD

(Egup)"RHP (EM,O.:;O)VM'OBO (EM,0.45)VM’0'45 (E M,O_GO)VM""“

Total volume fraction of
Example: R45-25 % coarse aggregates = 37%

0.63
Ec,pred — (EN)O'2775 (ER)'0925 (EM,OAS)

Solved using least squares regression ”
- 9 unknowns (&), £y Exg €tC...)
- 20 batches of concrete Gon
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Predicted Static Modulus of
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Elasticity (GPa)
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28 Day Elastic Model

En (GPa) Em.o.30 (GPa) 27.8
Er (GPa) Emo.45 (GPa) 22.8
Egs (GPa) En,0.60 (GPa) 18.5
Erp (GPa)
Erip (GPa)
Erup (GPa)

E.prea = (Ex)VN (ER)VR (Egs)VRS (Erp)VRP (Egyp)"RLD (Egyp)VRHD

(EM,O.BO)VM’OBO (EM,OA-S)VM’OAS (EM’0.6O)VM,O.6O
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Shrinkage Test Results

50% RH
23° C
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Shrinkage vs. Time

-900

w/c = 0.30

-800 /H
700 25 | 100% Replacement
all aggregate types

-600

-500

-400

Contrary to expectations:
ono 4« RD shrank more than RS
o> H  +Rand N shrank about

-100 - -A-RD30-100 | | the same

-
0
0 20 40 60 80 100 120 140 160
Time (days)
(aci®
THE WORLD'’S GATHERING PLACE FOR ADVANCING CONCRETE Co/N(\:,%l\ﬁc.:rF\igﬁ

-300

Strain due to Shrinkage (x10¢)

-200 A




-900

-800

-700

-600

-500

Strain due to Shrinkage (x10°)

-100 -8

THE WORLD’S GATHERING PLACE FOR ADVANCING CONCRETE

Shrinkage vs. Time
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Ultimate Shrinkage Models

ACI| 209R RILEM TC-107 Model B3
1
St = T:tSult Esh = Esnoo(1 — h3) tanh (#) &
Where: S, =shrinkage after tdays  \Where: &, = shrinkage after t days
t = time in days t = time in days
t, = shrinkage halt time 7., = shrinkage half time
Sue= ultimate shrinkage £, = Ultimate shrinkage

h = relative humidity
With 50% RH: (1-h%) = (1-0.53) =0.875

S, should ~ 0.875 ¢
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Ultimate Shrinkage

THE WORLD’S GATHERING PLACE FOR ADVANCING CONCRETE

. Sult gsh co . Sult gsh o
Mix ID . . S uit/ Esh o Mix 1D . . S it/ Esh o
(10°) (10°) (10°) (10°9)
TS o e e o | om
' R60-100 773 876 0.882
RS60-100 929 1098 0.846
RD60-100 855 1005 0.851
N30 689 775 0.889
RS30-100 777 914 0.850
RS45-100 874 1025 0.853
RDasso | 789 o016 | oser | poo—0 L ST2 0% L OB/
RD45-100 911 1067 0.854 /;t"egag_e y 8'322
RLD45-100 889 1026 0.866 . ~eviation '
RHDA45-100 810 959 0.845 Sult ~0.875 Eqhoo o
1 R
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2 Phase Composite Shrinkage Model

Paste and Aggregates: Measured
Mix ID E. (GPa) E . (GPa) E, (GPa) (S . (x10°°)| &gpm (x10°°)

E
—_P(q1 _
Sshr = f (1= Vagg)eshrp  fasa 27.7 37.9 22.8 697
N45-B 28.2 37.9 22.8 637 | \

Mortar and Coarse Aggregate:

m

E_c (1 — Vagg)gshr,m
E. 1 Average & moas = 1297 pe

_ S
gshr,m Em (1 — Vagg) ult g
| (@Ci® cONCRETE
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2 Phase Composite Shrinkage Model

Measured Predicted | Meas Sy
Mix ID E. (GPa) E . (GPa) E ,, (GPa) |S e (x10°)| €gprm (x107°) |S e (x107°) | Pred. Sy

N45-A 77.7 o 697 673 1.04
N45-B 28.2 ' 228 637 661 0.96
R45-100 28.7 39.2 852 _}—

Mortar and Coarse Aggregate:

E
Sult = — (1 - Vagg)gshr,m

Ec
Average &g, moas = 1297 ue
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2 Phase Composite Shrinkage Model

Measured Predicted | Meas Sy
Mix ID E. (GPa) E . (GPa) E ,, (GPa) |S e (x10°)| €gprm (x107°) |S e (x107°) | Pred. Sy
N45-A 27.7 379 697 673 1.04
N45-B 28.2 ' 22.8 637 1297 661
R45-100 28.7 39.2 852 649 |
Mortar and Coarse Aggregate:
Emn
Suie = — (1= Vygo)e
ggJcshrm oL
Ec 31% additional

shrinkage ! E! ”
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2 Phase Composite Shrinkage Model

Measured Predicted Meas S
Mix ID E. (GPa) E ., (GPa) E , (GPa) |S v (x10°°)| &gpem (x10°°) |S e (x10°) | Pred. Sy
N45-A 27.7 379 697 673 1.04
N45-B 28.2 ' 637 661 0.96
R45-100 28.7 39.2 852 649 1.31
RS45-100 26.6 34.6 22.8 874 1297 700 1.25
RD45-100 23.6 23.6 911 789 1.15
RLD45-100| 23.6 25.0 889 789 1.13
RHD45-100| 23.3 24.1 810 800 1.01
Mortar and Coarse Aggregate: -
m
Sult = E. (1 — Vagg)gshr,m
M
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2 Phase Composite Shrinkage Model

Measured Predicted | Meas Sy
Mix ID E. (GPa) E ., (GPa) E , (GPa) |S v (x10°°)| &gpom (x107°) |S e (x10°) | Pred. Sy
N60 24.4 37.9 685 685 1.00
R60-100 23.9 39.2 18.5 773 1434 699 1.11
RS60-100 23.8 34.6 929 702 1.32
RD60-100 20.1 23.6 855 832 1.03
N30 31.1 37.9 689 689 1.00
R30-100 31.3 39.2 270 844 1260 685 1.23
RS30-100 30.4 34.6 777 705 1.10
RD30-100 26.2 23.6 871 818 1.06

Mortar and Coarse Aggregate:

=
E
Sult = E_m (1 — Vagg)gshr,m
c
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Mortar Phase

From model, the mortar phase shrank more with higher w/c (higher
water contents):

w/c | egprm (x10 )
0.30 1260
0.45 1297
0.60 1434
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Recycled Aggregates — “pre-shrunk”
The RCAs not allowed to dry (RS) before being do significantly

promote overall concrete shrinkage

Measured Predicted | Meas Sy
Mix 1D E. (GPa) E ., (GPa) E , (GPa) [S i (x10°° )| &gprm (x107°) |S e (x107°°) | Pred. Sy
RS30-100 30.4 34.6 22.8 777 1434 705 1.10
RS45-100 26.6 34.6 18.5 874 1434 700 1.25
RS60-100 23.8 34.6 27.0 929 1434 702 1.32
RD30-100 26.2 23.6 22.8 871 1260 818 1.06
RD45-100 23.6 23.6 18.5 911 1260 789 1.15
RD60-100 20.1 23.6 27.0 855 1260 832 1.03 e
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Recycled Aggregates —field vs. lab manufactured

The high quality RCAs from aggregate supplier (“R) contributed more
to concrete shrinkage than younger °

ab manufactured RCAs (RD)

Measured Predicted | Meas S
Mix 1D E. (GPa) E 4 (GPa) E , (GPa) |S ;v (x10°°)| &gpm (x107°) |S e (x107°) | Pred. Sy
R30-100 31.3 39.2 22.8 844 1297 685 1.23
R45-100 28.7 39.2 18.5 852 1297 649 1.31
R60-100 23.9 39.2 27.0 773 1297 699 1.11
RD30-100 26.2 23.6 22.8 871 1260 818 1.06
RD45-100 23.6 23.6 18.5 911 1260 789 1.15 >
RD60-100 20.1 23.6 27.0 855 1260 832 1.03
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Conclusions

« RCA modulus of elasticity plays significant role in countering concrete
shrinkage: the greater the aggregate’s MOE, the less the shrinkage.

 When RCAs are allowed to go through drying shrinkage (in most cases in
practice) prior to use, their contribution to the overall concrete shrinkage is
diminished.

« RCAs contributions to overall concrete shrinkage is complex, and should be
evaluated prior to use if an issue.
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