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Abstract

This report examines the effects of coarse and fine expanded shale, clay and slate (ESCS) aggregates on the
transport properties of concrete. The transport properties are parameters in several service life analysis and
simulation models, including STADUIM® and Life 365™ per fib Bulletin 34. Existing literature indicates the benefits of
lightweight aggregate for enhancement of durability and service life of concrete infrastructure. This report
demonstrates the quantitative assessment of such benefits on the transport properties of selected mixture
proportioning designs using expanded shale, clay and slate aggregate. The methodology incorporates a simulation
of the performance of a bridge deck in the Detroit area with the transport properties determined for use in Life
365™ or STADIUM®. The STADIUM® results showed that that the time to corrosion will be increased for lightweight
mixtures compared to the control mixture with normal weight aggregates by approximately 22%. The replacement
of normalweight sand with lightweight fines resulted in approximately a 34% to 88% increase in the time to
corrosion. The Life 365™ analysis showed equivalent performance between lightweight coarse aggregate mixtures
and the control mixture. As with STADIUM®), lightweight fines showed up to a three times improvement when
replacing normalweight fines. Further, the internal curing mixture with a small quantity of lightweight fines improved
time to restrained shrinkage cracking, increased strength, and extended the service life in comparison with the control
concrete in both STADIUM® and Life 365™. Expanding the prediction model to various climate zones per FHWA
verified the effectiveness of LWA in all zones and with the highest influence on the service life in dry and wet zones.
Moreover, a comparison between different applications of structural lightweight concrete indicated the need for
FLWA to enhance the service life of concrete in severe conditions such as marine tidal zones.
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Introduction

Transport properties of concrete have been subject to extensive research as indicators of the durability of concrete
and modeling parameters for predicting the service life of concrete [1-6]. Existing research suggests that application
of lightweight aggregate enhances these properties in structural lightweight concrete [7-14]. Further, the internal
curing using fine lightweight aggregate enhances the durability of normalweight concrete [15-21]. There are
numerous models using transport properties to predict the service life of the concrete [22-25], including Life 365™
[26-29] and STADIUM® [30-45]. This study utilizes laboratory data to objectively assess the benefits of lightweight
aggregate using these models.

Expanded Shale, Clay and Slate Institute October 20 Page 1
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1. Experimental Program
The experimental investigation considered fourteen mixtures with ten different sources of coarse and fine lightweight
(LW) aggregate, in addition to the control mixture (C) with normalweight (NW) aggregate.

Lightweight mixtures included three containing both LW coarse aggregate (LWCA) and normalweight coarse
aggregate (NWCA) with normalweight fine aggregate (NWFA), designated LW 1; seven containing only LWCA and
NWFA, designated LW?2; one containing only LWCA and LWFA, designated ALW (all lightweight); one containing
only NWCA and LWFA, designated LWF; and one containing NWCA and NWFA with a fraction of the NWFA
replaced with LWFA, designated IC (Internally Cured). The reason for including NWCA in the mixtures designated
LW1 was to keep the plastic densities and the coarse aggregate to fine aggregate ratios of the LW1 and LW2
mixtures relatively constant, with a target density of 120 pcf. Table 1 shows the designations used for various
mixtures. Sources of lightweight aggregate included expanded shale, clay and slate (ESCS) [46]. Each mixture in
LW1 and LW2 series had a different source of LWCA. The source of LWFA was the same for ALW, LWF, and IC
mixtures. Further, all mixtures used the same sources of NWCA and NWFA, where applicable. Mixtures utilized
Portland cement [47] only and did not use supplementary cementitious materials (SCMs) or corrosion inhibitors that
would interfere with the service life of concrete, hence, results are indicators of the performance effects of LW only.

However, mixtures utilized water reducing and air-entrainment admixtures per standard practice recommendations
[48-49].

TABLE 1 MIXTURE DESIGNATIONS

Mixture Description Designation
Control mixture with NW coarse and fine aggregates C

Internally cured mixture with NW coarse and fine aggregates, plus LW fines IC
Average for LW coarse aggregate with some NW coarse and all NW fine aggregates LW1
Average for all LW coarse aggregate and NW fine aggregate Lw2
Reverse mixture with NW coarse aggregate and LW fine aggregate LWF

LW coarse and fine aggregates without any NW aggregate ALW

Table 2 provides a summary of the average volumetric fraction of lightweight aggregate contents in each mixture as
a matrix, emphasizing the referenced contents as two independent variables.

TABLE 2 MIXTURE LIGHTWEIGHT AGGREGATE CONTENTS MATRIX

Mixture Designation Average Lightweight Coarse (Vol. %)
0 30 39 37
Average 0 C LW1 LW2
Lightweight Fine 10 IC
(Vol. %) 28 LWF
30 ALW

Table 3 shows the testing conducted for the fourteen mixtures including the control mixture (C). Restrained shrinkage
testing was only conducted on the C and IC mixtures. The results include average values for each test, aggregated
for all sources of lightweight aggregates. All tests follow the specified and other standard procedures by ASTM, ACI,
and NT, including slump (ASTM C143), plastic air content (ASTM C231), hardened air content (ASTM C457) setting
time (ASTM C403), temperature (ASTM C1064), compressive Strength (ASTM C39), Moisture content (ASTM C566),
laboratory trial batching (ASTM C192 and ASTM C511), proportioning (ACI 211), internal curing (ASTM C1761),
and transport properties (ASTM C1760, ASTM C1202, NT Build 492, ASTM C1556, ASTM C1585), and restrained
shrinkage (ASTM 1581) [50-66].

Figure 1 and Figure 2 illustrate the average values for the equilibrium specific gravity (SG) and the 28-day
compressive strength (normalized to the control mixture) of each mixture designation, respectively. The specific
gravities of the mixtures in these figures reflect the plastic and equilibrium densities. The specific gravity of fine
aggregate is higher than that of coarse aggregate from the same source, and this is reflected in the SG and density
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of the mixtures. The average oven dry specific gravity of these mixtures is nearly equal to 1.79, hence, indicating
that the equilibrium moisture is not a major factor in the observed difference. The influence of lightweight aggregate
content on the average compressive strength is clear, as the substitution of NW aggregate with LW, either LWCA or
LWFA, has increased the reported strength.

TABLE 3 TEST PROGRAM PER MIXTURE DESIGN

Tests Per Mix Notes

X X . L 1 For each Mix
Plastic Properties (slump, air setting time)

3 1,28,90d
Compressive Strength ars
2 28 and 90 d
STADIUM Transp. (IDC, MTC, ASTM 642 porosity) an ars
2 28, 90 d
ASTM C1760 Bulk Conductivity ars
1 28d
NT Build 492 Non-Steady State Diffusion Coefficient ars
1 28 d
ASTM C1556 Bulk Diffusion 8 days
. X 1 28 and 90 days LWA
ASTM C1585 Capillary Absorption
1 Only for IC mi d Control
ASTM C1581 Restrained Shrinkage Y @ and toniro
2.36 C w1 Lw2
2.29 '
> ALW
£ 25 2.19 1.89 1.9
G
L 2.3
g 21 3
v Q -
o
1.9 1.68 10 =
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15
0 30 39 37
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Description of Transport Tests

STADIUM® modeling software utilizes two transport properties. The first is the ionic diffusion coefficient (IDC), which
represents the movement of chloride and other ions through the capillaries. The second is the moisture transfer
coefficient (MTC), which represents chloride ingress when the concrete is not 100% saturated. The latter is unique to
STADIUM® and highly relevant when conducting service life analysis. Note that the STADIUM® modeling program
accounts for the movements of multiple species in the concrete as well as for chemical reactions and binding reactions.
This allows for a prediction of the chloride-to-hydroxide levels, which is important for comparing mixtures with
supplementary cementitious materials (SCMs) [45].

The ASTM C1760 Bulk Conductivity test is directly related to the ASTM C1202 Rapid Chloride Permeability, but it is
non-destructive, as it is conducted for a short time and does not subject the specimens to heating. The bulk conductivity
is used to monitor the change in permeability over time, as it is directly related to the diffusion coefficients [61-62].

The NT Build 492 provides a relatively rapid (1 to 2 days) indication of chloride ingress. It adjusts for an increase in
conductivity that is not related to chloride ingress. The results are used in the fib service-life analysis [63, 24].

The ASTM C1556 Bulk Diffusion is used to calculate the apparent diffusion coefficient for the chloride ingress and can
be used in Life 365™ or the fib service-life analysis [64, 28, 24].

ASTM C1585 Capillary Absorption is used to predict the surface concentration of chloride when the concrete is not
water saturated. It can be used in Life 365 ™ and the fib service-life analysis. This is of primary use when there is
wetting and drying of the surface. In Life 365™, the time to reaching the maximum surface concentration is decreased
or increased compared to a control concrete, based upon the ratio of the absorption values [65, 28, 24].

Concrete Plastic and Mechanical Properties

Table 4 shows batching data and the concrete proportions, plastic, and mechanical properties for all the mixtures,
including average results and standard deviations for LW1 and LW2. The LW represents an average of the three
lightweight coarse aggregate concrete mixtures that required NWCA to achieve the target plastic density while
maintaining the coarse to fine aggregate ratio. The LW2 is the average for the seven lightweight coarse aggregate

concrete mixtures made without normalweight coarse aggregate. The data analysis provides insight on variation of
properties for different sources of LWCA, as well as trends of changes as a function of substituting NWCA and
NWFA with LWCA and LWFA, respectively. Figure 3 shows the drying of the 6 x 12-in. cylinders in the controlled
relative humidity and temperature (RH/T) room according to ASTM C567 [69], as well as other drying specimens.

FIGURE 3 DRYING SPECIMENS. MTC SPECIMENS (LEFT), ASTM C1585 (CENTER) AND ASTM C567 (RIGHT)

Mix Preparation Procedures

The saturation of LWCA began with submerging them in a sealed pail and adding water for one day. The LWCA
remained submerged in water for a minimum of 7 days, and then, drained in the fog room to lose the excess water.
The procedure for LWFA included oven drying, adding 20% water in the concrete mixer as the average absorption

rate, and placement in sealed pails to keep the moisture until mixing. The absorption rate for a sample of LWFA was
between 18.78 and 22.2% per ASTM C642 and NY 703-19E method [67-68].

Expanded Shale, Clay and Slate Institute October 20 Page 4
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Figure 4 exhibits the volumetric content of materials in each mixture. These data indicate the small fluctuations in the
volumetric content of lightweight coarse aggregate in mixture series LW1 and LW2 with a nearly identical coefficient
of variation (CV) of 10%. The LW 1 mixture contained the same fraction of normalweight fine aggregate. However,
this value for LW2 is 18%. Similarly, the CV of the normalweight coarse aggregate in the LW 1 mixture was 43%.

TABLE 4 CONCRETE MIXTURE PROPORTIONS, AND PLASTIC AND MECHANICAL PROPERTIES
LW1 W1 W2 LW2

Mixture Description Mean S.D3  Mean S.D3 AW LWF IC C
Cement, Lafarge Alpena Type | (lb./yd3) 658 0 658 0 658 658 658 658
Natural Fine Aggregate, Midway Pit, SSD' (lb./yd3) , SG2

2.80 1341 16 1240 203 O 0 846 1294
Natural Coarse Aggregate, Bay Cedarville Pit Limestone

#67, SSD! (Ib./yd3), SG2 2.65 317 125 0 0 0 1800 1800 1800
Lightweight Coarse Aggregate, SSD' (lb./yd3) , SG2 varies 671 149 1097 159 1115 O 0 0
Lightweight Fine Aggregate, SSD! (Ib./yd3), SG2 1.79 0 0 0 0 917 833 304 0
Total Water (Ib./yd3) 248 3 243 1 243 243 243 243
Designed Air (%) 6.33 0.24 6.5 046 6 6 6 6
Designed Plastic Density (lb./ft3) 119.9 0.7 1199 2 108.7 130.9 142.6 148
Water/Cementitious Materials (w/cm) Ratio 0.38 0 0.37 0 0.37 0.37 0.37 0.37

Admixtures

BASF Master Air AE100 (oz/cwt) 0.2 0 0.2 0 0.2 0.2 0.4 0.5

BASF Glenium 7500, HRWR (oz/cwt) 3.5 0.2 4.5 0.8 4.3 53 5 4.4

Physical Properties

Slump (in.) 4.2 0.6 4.5 2 3 5 7.5 4
Measured Volumetric Air (%) 7.4 0.5 6.7 0.4 6.25 6 7 7.1
Water Saturated Bulk Density (lb./ft3) 50.6 11.4 579 2.4 57.6 53.3 53.3

Concrete Plastic Density (Ib./ft3) 1207 1.8 1222 1.9 109.8 133.3 141.6 146.2
Concrete Oven Dry Density (Ib./ft3) 1115 2 1114 238 95.6 130.1 137.2 1421
Concrete Equilibrium Air Density (lb./ft3) 118 1.9 118.8 2.2 104.8 136.5 142.9 147.3
Days to Reach Equilibrium (avg. 2 per mixture) 93 13 116 28 140 84 84 56

Compressive Strength

1-Day Strength, average of 3 tests (psi) 2870 210 3370 420 2700 3500 3570 3310

28-Day Strength, average of 3 tests (psi) 5650 280 6540 540 6160 7120 6760 5470

6260 410 7240 640 7140 8040 7743 5950
90-Day Strength, average of 3 tests (psi)

! Saturated Surface Dry
2 Specific Gravity

3 Standard Deviation

Expanded Shale, Clay and Slate Institute October 20 Page 5
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FIGURE 4 MIXTURE VOLUMETRIC PROPORTIONS

Concrete Testing

Table 4 shows that the densities of the air-dried concrete mixtures were, as expected, higher than the oven-dry
specimens. The lightweight mixtures show a larger difference than the C and IC mixtures, indicating that the air-dried
LW aggregates are retaining moisture. Figure 5 presents variations of specific gravity as a function of coarse and
fine lightweight aggregate content in a three-dimensional format, confirming the previous observations and
emphasizing the relative fluctuation of these values for LW 1 and LW2 samples. Although there is no reliable
dependency between the LWCA content and the specific gravity of LW 1 and LW2 samples, a general weak form of
dependency is apparent for the average values of these mixtures. The expression for the presented linear model with
95% confidence includes -19£3.9% and -6.413.9% slopes for LWCA and LWFA, respectively.

Reported compressive strengths in Table 4 indicate an increase for mixtures containing lightweight aggregate,
including the IC, in comparison with the control mixture C. The increase in strength could be an indication of better
bond between aggregate and cementitious matrix, as well as enhanced hydration in presence of LW aggregate.
Figure 6 examines the density-strength values of mixtures and the proximity of LW1 and LW2 results. It is evident
that LW 1 mixtures had lower 28-day compressive strength values than LW2 mixtures with similar specific gravity
values. Figure 7 supplements the prior figure and communicates the weak relationship between the specific gravity
and the lightweight aggregate content, suggesting the independency of these values.

Figure 8 provides similar results for the 28-day compressive strength values. Hence, there is no established bias in
respect to the sources of LWCA in LW 1 and LW2 mixtures, influencing specific gravity or compressive strength values.
Further, the LWFA content has no meaningful influence on the specific gravity on mixture series LWF-IC-C, but it
increases the compressive strength, even though there are not enough samples on the latter observation to establish a
meaningful confidence level.

Figure 9 presents variations of compressive strength as a function of coarse and fine lightweight aggregate content in
a three-dimensional space. The compressive strength represents the normalized 28-day strength as a ratio to the
control mixture. It is evident from the data analysis associated with this figure that the proposed polynomial
relationship with R-square of 38% is not a fit for the trends of the strength. The low fidelity of the fit hints toward the
independency of strength from the LW content in mixtures, that is, there is no meaningful bias in the strength of
mixtures in respect their LW aggregate content. Regardless, the loose fit in the strength-LWFA and strength-LWCA
planes warrants the opportunity to establish a relationship for the optimized LW contents using a larger population of
samples. The current data suggests such optimum value at 22% LWCA and 17% LWFA contents, albeit with a large
margin of error.

Expanded Shale, Clay and Slate Institute October 20 Page 6
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Figure 10 traces the strength gain for each mixture over the first 90 days. This figure presents that reported
compressive strength values fall within the mean plus-minus three standard deviation range at day 1 but fit a
narrower range of the mean plus-minus two standard deviation at day 28 and 90. Figure 11 provides a comparison
between these distributions using normalized parameters. This figure shows that distributions at 1-day and 28-day
have positive (0.6) and negative (-0.1) skews, respectively. The 90-day values also indicate a negative skew (-0.3).
Distributions show kurtosis values of 0.6, -1.3, and -1 for 1-, 28-, and 90-day, respectively.

Table 5 contains porosity results of LW aggregate and concrete mixtures per ASTM C642 [67]. The porosity of the
LWFA was assumed the same as the LWCA from the same source. The porosity of the concrete was then adjusted for
the volume of porosity in the LW aggregates in a unit volume. The volume of permeable voids in the aggregate is
typically less than the aggregate porosity, hence an adjustment was applied using the following expression for each
individual mixture, shown as average values for LW1 and LW2 in Table 5.

@' =9 = VVaVs)

where @' is the corrected porosity, @ is the measured porosity per ASTM C642, V, is the volume of voids in the LW
aggregate, V,,, is the volume of accessible voids, and V; is the total solid volume of coarse and fine LW aggregates.

Expanded Shale, Clay and Slate Institute October 20 Page 8
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The correction for control mixture is negligible due to low porosity of NW aggregate. After correcting for the voids in

the aggregate, the porosity of LW mixtures was similar or lower than the porosity of the control mixture (Figure 12).
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TABLE 5 CORRECTED POROSITY DATA C642 POROSITY DATA

LW1 LW2
LWI1 Std. Lw2 Std.
Property Mean Dev. Mean Dev.
Volume of Permeable Voids (%) 15.4 0.9 17.0 2.7
Voids in LWA (%) 33.8 1.5 32.2 9.3
Accessible voids in LWA (%) 48.3 2.4 54.0 8.6
Solid Volume of LWCA (f3/yd3) 16.5 0.7 14.7 4.5
Corrected Volume of Permeable Voids (%) 10.57 1.3 10.65 0.9
30 B Volume of Permeable Voids per ASTM C642 (%)
B Corrected ASTM Cé42 Volume of Permeable Voids (%)
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FIGURE 12 MEASURED AND CORRECTED POROSITY OF MIXTURES

Presented results contain conductivity and resistivity properties, along with calculated normalized ratios. The bulk
conductivity is related to the ASTM C1202 [62] Coulomb values as it represents the initial reading in that test. If there
is no increase in the temperature of the specimens, then the bulk conductivity would be related to the final Coulomb
value, which is typical for low permeability concretes with SCMs. Experimental results have predicted ASTM C1202
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values assuming no heating. These values are more closely related to diffusion values. The surface resistivity at 28
days was converted using the relationship developed by Weiss et al at 28 days [70-75].

As shown in Figure 13, only the IC concrete has a lower predicted ASTM C1202 Coulomb value than the C concrete
at both 28 and 90 days. The LWF concrete has a lower Coulomb value than the C concrete at 90 days. As will be
seen, the higher Coulomb values for the lightweight mixes are not associated with faster chloride ingress, but a
reflection on the higher ionic conductivity due to the water in the aggregates.

2.5
2.0
1.5
1.0
0.5
0.0
28 days Coulombs 4 Pin FM 28 days Coulombs C1760 90 days Coulombs
5-578

ELWIA BLWIB BLWIC BLW2A BLW2B mlW2C mLW2D
HLW2E mLW2F mIW2GC RALW ELWF ®mIC nC

FIGURE 13 COMPARISON OF COULOMBS V ALUES

Figure 14 and Figure 15 provide a comparison between conductivity values using bulk and surface methods at 28-
and 90-day ages. These figures indicate that presence of LWCA has increased the conductivity by both means of
measurements and at both reported ages. Substitution of NWFA with LWFA in LWF mixtures has increased
conductivity at 28-day age but has decreased that value at 90-day age. The trend of conductivity for IC mixture is
not consistent, as recorded surface measure is higher than bulk measure for the IC mixture in comparison to the C
mixture. It is notable that these electrical measurements of conductivity (or resistivity) are affected by the internal

water present in the LW aggregate as part of the pore transport fluid, even though this porosity is not interconnected
with respect to true ion transport.
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FIGURE 14 CONDUCTIVITY DATA
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Table 6 provides a summary of average values for LW1 and LW2 mixtures in comparison with other mixtures.
Comparison of standard deviations indicates that the bulk surface measures converge to less scattered values as the
concrete ages than the bulk measures. Further, the ratio between these measures show less scatter as the concrete
ages, providing higher reliability for comparing these values. This comparison is essential for using conductivity values
as main parameters in determining the service life of concrete and allows interpretations to place less emphasis on
short-term (28-day) records rather than long-term (90-day) records.

TABLE 6 CALCULATED CONDUCTIVITY DATA

LW1 LW2

LW1 Std. Lw2 Std.
Transport Property Mean Dev. Mean Dev. ALW LWF IC C
28 d Bulk Resistivity (kQ-cm) 4 Pin 6.4 0.8 6.3 0.9 6.2 8.2 7.6 9.4
28 days Coulombs 4 Pin FM 5-578 2883 372 2958 424 2957 2220 2408 1941
90 d Bulk Resistivity (kQ-cm) 4 Pin 7.4 0.4 7.5 0.8 11.8 14.6 10.9 10.9
28 d Bulk Conductivity (mS/m) C1760 154 1.3 15.4 1.5 15.5 124 8.8 9.5
28 d Std Dev (mS/m) C1760 0.3 0.2 0.2 0.1 0.001 0.1 0.02 0.4
28 days Coulombs C1760 2799 237 2790 280 2814 2248 1601 1726
90 d Bulk Conductivity (mS/m) 11.6 1.0 11.6 1.2 7.8 5.9 5.6 6.7
90 d Std Dev (mS/m) C1760 0.2 0.2 0.2 0.1 0.019 0.009 0.015 0.3
90 days Coulombs 2114 181 2108 221 1410 1069 1020 1212
Bulk Surface Conductivity (S/m) 28-day 15.9 2.11 16.3 2.36 16.1 12.2 13.2 10.6
Bulk Surface Conductivity (S/m) 90-day 13.6 0.84 13.4 1.31 8.5 6.8 9.2 9.2
Bulk Conductivity (S/m) 28-day 154 1.31 15.4 1.53 15.5 124 8.8 9.5
Bulk Conductivity (S/m) 90-day 11.6 0.98 11.6 1.22 7.8 5.9 5.6 6.7
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Figure 16 and Figure 17 confirm prior observations that the measured conductivities of LWCA mixtures were higher,
while the LWFA mixture had lower conductivity and the IC mixture had little effect on the conductivity.
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FIGURE 16 BULK CONDUCTIVITY FOR LWCA CONTENTS
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FIGURE 17 BULK CONDUCTIVITY FOR LWFA CONTENTS

Figure 18 shows variation of bulk conductivity at 90-day using surface method as a function of LWCA and LWFA
contents. The R-square measure for the proposed fitting is 86.75%, indicating a low fidelity relationship. Comparing
the LWCA and LWFA planes show that the higher influence of LWCA content on the conductivity than the LWFA
content.
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FIGURE 18 TRENDS OF BULK (SURFACE METHOD) CONDUCTIVITY AT 90-DAY (TOP), FITTING PLANE (MIDDLE), CONTOURS
(BOTTOM LEFT), AND ERROR (BOTTOM RIGHT)

Figure 19 exhibits the relationship between the inverse of surface resistivity (surface conductivity) and the bulk
conductivity, and their changes as concrete ages from 28- to 90-day. However, as one is measuring a surface effect
and the other a bulk property, they will be different. Figure 20 indicates that the relationship, however, is steady for
nearly all lightweight mixtures, with an exception of the IC, where the ratio between surface and bulk measures are
higher than other mixtures. The surface resistivity can be correlated to the bulk conductivity at a given time. Figure
21lindicates that presence of LWFA has more influence on the reduction of both measures of conductivity from 28- to
90-day ages than LWCA. The bulk conductivity is more closely related to the strength and diffusion values, which are
bulk properties. The decrease of conductivity in time indicates that the concrete permeability is decreasing, and
hence, indicates the influence of LWFA on hydration of concrete.
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FIGURE 19 COMPARISON OF SURFACE CONDUCTIVITY (1/SURFACE RESISTIVITY) TO BULK CONDUCTIVITY FROM 28- TO
90-DAY AGES
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Figure 22 exhibits the relationship between porosity and conductivity of various mixtures. Trend lines in this figure
indicate that conductivity typically drops with the increase in the permeable voids, even though, the confidence level
of the relationship is not appropriate for a high fidelity fit.
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FIGURE 22 POROSITY - CONDUCTIVITY RELATIONSHIP
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Figure 23 exhibits similar relationship between porosity and conductivity changes of various mixtures. Presented trend

lines hint toward slight increase in surface-to-bulk conductivity ratios as the porosity increases. The same applies to

the change in conductivity from 28- to 90-day ages. Regardless, the small R-square values indicate that such

relationship is loose and hence, the established observations for conductivity changes are not biased by the volume of
permeable voids in each mixture.
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Table 7 provides the transport properties for application in the Life 365™ and similar models that do not directly
address chloride bonding, movement of other ions, and chemical reactions occurring in concrete over time. These

properties include either the ASTM C1556 bulk diffusion coefficient or the NT Build 492 non-steady state diffusion
coefficient, and the ASTM C1585 Absorption [63-65].

TABLE 7 STATISTICAL MEASURES OF TRANSPORT PROPERTIES FOR USE IN LIFE 365™

LW1 LW1Std. Lw2 LW?2 Std.

Transport Property Mean Dev. Mean Dev. ALW LWF IC
Nordtest NT Build 492
(um?2/s) 28-d 10.7 0.7 10.8 1.0 9.4 9.6 11.6 14.7
C1152 Acid C1556
Background (ppm) 213 94 95 6.5 99 756 658 686
Diffusion ASTM C1556
(um2/s) 28-d 4.6 0.2 4.6 0.7 4.4 1.9 4.5 3.6
Cs (ppm) 10437 1898 11974 3885 20639 21825 8430 8762
Cs (ppm) Adjusted for
porosity 6117 2720 7211 1915 13829 13809 7016 8762
ASTM C1585 Initial
Absorption (28-d)! 7.3E-04 1.8E-04 8.3E-04 3.3E-04 2.0E-04 9.4E-04 7.2E-04 8.3E-04
ASTM C1585 Secondary
Absorption (28-d)! 2.5E-04 3.7E-05 3.0E-04 6.3E-05 4.0E-05 3.7E-04 3.4E-04 3.5E-04
ASTM C1585 Initial
Absorption (90-d)?! 4.4E-04 2.3E-04 5.2E-04 2.5E-04 3.3E-04 2.3E-04 4.4E-04 7.7E-04
ASTM C1585 Secondary
Absorption (90-d)! 2.2E-04 5.8E-05 1.8E-04 7.3E-05 1.7E-04 2.8E-04 3.1E-04 3.7E-04
Nordtest NT Build 492
(pm2/s) 28-d 0.73 0.05 0.74 0.07 0.64 0.65 0.79 1.00
Diffusion ASTM C1556
(pm2/s) 28-d 1.27 0.05 1.27 0.19 1.22 0.53 1.25 1.00
1 ASTM C1585 data are in mm/s%5
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As shown in Figure 24, the NT Build 492 and ASTM C1556 values follow the same trend, but the ASTM bulk diffusion
values are lower. This is related to the 35 days of additional ponding for the ASTM specimens in the NaCl solution as
well as the NT Build 492 being a non-steady-state value. In a few cases NT Build 492 was conducted at 90 days and
the values were still higher than those of ASTM C1556 at a combined 63 days of moisture (28-day fog room and
35-day ponding), so it appears that NT Build 492 might provide too high a value, but this can be correlated to ASTM
C1556, as are the ASTM C1202 or ASTM C1760 test results [61-64].
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FIGURE 24 CHLORIDE DIFFUSION COEFFICIENT

The NT Build 492 test method has one advantage over other accelerated test methods in that it cancels out the
effects of higher conductivity, which would be present if salts or porous lightweight aggregate were present. It shows
that the non-steady state diffusion coefficient is lowered when LW aggregates are used. The chloride front is not as
deep for the same potential or current range as chlorides are filling the aggregates and not penetrating as far.
Figure 25 shows the cells used for the NT Build 492 test. They are like the more familiar ASTM C1202 cells, with the
key feature being a much larger reservoir of solutions on both ends. Figure 25 also shows the process of breaking
open the specimens for NT Build 492 and opplylng AgNO3 to determine the depth of the chloride front [62-63].

FIGURE 25 TEST CELLS FOR NT BUILD 492 (LEFT), IDC SPECIMENS (CENTER LEFT), AND PROCEDURE TO DETERMINE
CHLORIDE FRONT IN NT BUILD 492 (CENTER RIGHT AND RIGHT)

The ASTM C1556 bulk diffusion data show that all of the concretes except for LWF have similar bulk diffusion
coefficients even with the much higher porosities for the LWA (Figure 26 and Figure 27). As shown in Figure 28, the
calculated surface concentration (Cs) is higher for the LW mixtures as would be expected for the presence of porous
aggregates. A Cs value adjusted for the aggregate porosity is shown as well. The concretes with LW sand tend to
show higher values as noted earlier, indicating that the sand might have a higher porosity than estimated. The values
are based upon mass of concrete, so as the LW mixtures have a lower unit weight, actual chloride contents in
mass/unit volume are lowered. The porosities and mass corrections will be accounted for in the Life 365™ modeling.
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FIGURE 27 TRENDS OF ASTM C1556 DIFFUSION RESULTS AT 28-DAY (TOP), FITTING PLANE (MIDDLE), CONTOURS

(BOTTOM LEFT), AND ERROR (BOTTOM RIGHT)
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FIGURE 28 SURFACE CONCENTRATION
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The ASTM C1585 absorption data in Table 7 show that LW concrete mixtures have lower average absorption than
NW concrete mixtures of the same design, even though, comparisons in Figure 29 and Figure 30 reveal that this
observation is not applicable to all LW mixtures. Presented data in Table 7 exhibit high measures of deviation in
recorded absorptions for LW1 and LW2 mixtures at both 28-day and 90-day ages, particularly for initial
absorptions. Moreover, it is also evident from Figure 30 that the initial absorption of ALW mixture at 28 days and
LWF mixture at 90 days are lower than expected. Regardless, this observation contrasts with the higher porosity of
LW aggregates. The specimens are conditioned in an 85% relative humidity (RH) environment at elevated
temperature versus above the boiling point of water. The results indicate that at 85% RH the pores in the aggregates
do not absorb moisture quickly. The 85% RH value was chosen for the ASTM method as it results in internal RH values
for concrete mixtures that are like those exposed to environments with deicing or marine salts. Thus, in applications
where corrosion is an issue, these tests show that there is a significant reduction in absorption with LW aggregate. This
will be accounted for in the Life 365™ modeling by increasing the time to reach the maximum chloride concentration
at the surface.
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FIGURE 29 ASTM C1585 ABSORPTION DATA
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FIGURE 30 NORMALIZED ASTM C1585 ABSORPTION DATA

Table 8 presents transport properties and their statistical measures for application in STADIUM®. According to
average results, the ionic diffusion coefficient (IDC) of mixtures are like each other for LW1 and LW2 mixtures, while
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the mixtures with fines, IC, LWF, and ALW, have lower values as seen for the bulk diffusion data. However, detailed
individual results indicate that the LW2 mixtures have substantially larger coefficient of variation than LW 1 mixtures,
which might be correlated to the sizes of the population in each group. Figure 31 and Figure 32 exhibit that LWFA
have more influence on reduction of IDC than LWCA. It is also notable that certain individual mixtures containing
LWCA had higher IDC values than the control mixture. Figure 33 and Figure 34 provide insights on moisture transport
coefficient (MTC) data. The MTC values are very high for the LW aggregate concrete mixtures. This would normally
indicate that they have much higher sorption properties than the control mixture, which is not a good property in
wetting and drying applications as in bridge and parking decks, or airborne exposures. This was in contrast to the
ASTM C1585 absorption data, as shown in Figure 35 and three-dimensional models in Figure 36 and Figure 37. The
apparent reason is that drying at 50% RH might not be representative of the field conditions, and it is more difficult
for LW concrete mixtures to absorb water back at higher RH. As noted earlier, this is due to more difficulty in
reabsorption of water into the lightweight aggregate. Significantly less water is being absorbed than is indicated by
the MTC values. The MTC value for the control mixture C will be multiplied by the ratio of the initial absorption of the
LW mixtures to the control mixture to provide a modified MTC for the LW mixture, and hence, the MTC value will be
directly related to the initial absorption rate. In most cases as can be seen in Figure 35, the LW will have a modified
MTC that is equal to or lower than laboratory data, particularly for 90-day results. Regardless, error plots in Figure
36 and Figure 37 reveal an underlying issue with the accuracy of MTC values for individual mixtures. A close look at
the ratio of 28-day MTC to 90-day MTC for various mixtures highlights the uncertainties associated with the MTC
measurement.

TABLE 8 AVERAGE STADIUM® TRANSPORT DATA

LW1 LW2
LWl  Std. Lw2  Std.

Transport Property Mean Dev. Mean Dev. ALW LWF IC C

IDC 28 Day (pm2/s) 1258 59 1165  19.7 08 72 104 1428

IDC 90 Day (pm2/s) 101.9 76 906  14.0 71 42 78 975

MTC at 28 Day (pm2) 6584 437 11734 5483 15430 4640 2200 1000

MTC at 90 Day (pm2) 8614 2546 9105 3918 9860 2250 1590 868
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FIGURE 31 IDC DATA

Expanded Shale, Clay and Slate Institute October 20 Page 20



EScCSI

25000
20000
15000
10000

5000

Normalized lonic Diffusion Coefficient

MTC at 28 Day (pm2) MTC at 20 Day (pm2)

ELWIA BLWI1B mLWIC mLW2A mLW2B mLW2C mLW2D
HLW2E mLW2F mLlwW2G mALW ®mLWF mIC uC

FIGURE 32 NORMALIZED IDC DATA

. 180
& 160
8]
& 140
S 120
@)
+ 100
3E 80
8 o
9\" 60
=
0 40
2 20
vy
'26 0
\v\%\o,}vr&,»c,»o,ﬁzeﬁwocé « ¢ ¢
S &S JTIITITE 3 o
m|DC 28 Day (mm2/s)  ®IDC 90 Day (mm2/s)
FIGURE 33 MTC DATA
- BLWIA mLWI1B mLWIC LW2A mLW2B
: mLW2C mLW2D uLW2E uLW2F mLW2G
1.2 mALW mLWF mIC  Tel
1
0.8
0.6
0.4
0.2
0

Normalized IDC 28 Day Normalized IDC 90 Day

FIGURE 34 NORMALIZED MTC DATA

Expanded Shale, Clay and Slate Institute October 20

ESCSI Report 4363

Page 21



ESCSI ESCSI Report 4363

25
® Normalized MTC at 28 Day
20
® Normalized Modified MTC at 28 Day
o L] ® °
Z 15 e ]
o
o
B $ o
€ 10 y=-0.622% 89595 y = 1.4004x +7.6518
y:s B2 7. 000N B memmrrssszrisiin sl RY'Z 0.0077
4 ® ®
® L o
5 L] [ ]
o _ [ ]
y — X Y = x
@ ° & =1 R2= 1. o
. - @t
0 * - 0000088 S
0.00 0.50 1.00 1.50 2.00

Normalized Initial Absorption

FIGURE 35 CONTRAST BETWEEN ASTM C1585 ABSORPTION AND MOISTURE TRANSPORTATION DATA

I e
x10* —— Sk S
,/”"/ S
2 - \\,
S —
s
:
© g
©
~N
® e "’Q\\
Sos- B B -
P = ="
_ |
z \I
0 — SRR
005 T e
0.1 0.05 0

- e
= —
0.15 — o045 01

02 "\\ e
025 i, 0.25
o 03

o o4 03
LWFA Content b 045

LWCA Content

10* —— T
‘E 2 MTCat28Daypm?2 vs. LWCAContent, LWFAContent
*  MTCat28Daypm2 vs. LWCAContent, LWFAContent | <3 R
. @
1
&
®
O
=
= =03
& 04 02
5 . 00 0.1 -
Q LWFAContent LWCAContent
<
w
= ==
o e F s —
= g 5000 —— —— MTC fit 28 - residuals
S SIS .
% 0 4 -y
3 —
£ -5000 -l N
= 03 e
0.2 e 03 0.4
0 0.1 0.2 0.3 0.4 0.1 5 6' 041 0.2 i
LWCAContent LWFAContent LWCAContent

FIGURE 36 TRENDS OF MTC AT 28-DAY (TOP), FITTING PLANE (MIDDLE), CONTOURS (BOTTOM LEFT), AND ERROR
(BOTTOM RIGHT)

Expanded Shale, Clay and Slate Institute October 20 Page 22



ESCSI ESCSI Report 4363

,/A-*""f‘/ \\\\,
15000 = e
s ]
E
&
10000 -
©
o
(=]
2 5000 . i
© LA e
) S ==ss
= e =i
= = - i
0 > o
0.05 7\\7}\ — s A
o015 e e QR
02 \.\\ e 0.2 g
025 — 03 02
0.3 e 0.4 0.35
035 045 O
LWFA Content LWCA Content

e et i
*  MTCat90Daypm2 vs. LWCAContent, LWFAContent

T g
o MTCat90Daypm2 vs. LWCAContent, LWFAContent 516000
81

o

2]

@

I3)

[

z =
c
2
[=
Q
o
<
=

- 2

&

g

3

a

o

(=2}

T -

S

=

=

0 0.1 0.2 03 04
LWCAContent LWFAContent LWCAGontent

FIGURE 37 TRENDS OF MTC AT 90-DAY (TOP), FITTING PLANE (MIDDLE), CONTOURS (BOTTOM LEFT), AND ERROR
(BOTTOM RIGHT)

Cracking of high-performance concrete mixtures in the field is a major concern. The concrete mixtures in this study had
a water-cementitious-materials-ratio (w/cm) below 0.4 and were susceptible to restrained drying shrinkage cracking
from both autogenous and normal drying shrinkage processes. The ASTM C1581 restrained shrinkage ring tests [66]
were conducted on the control mixture C, and the internally cured mixture IC which had portion of NWFA replaced
with LWFA. The ratio of the substitution was based on the ESCSI recommendation [76]. Figure 38 and Figure 39 show
the restrained shrinkage stresses as a function of time for these two mixtures. Figure 40 shows a cracked control ring

specimen.
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FIGURE 38 ASTM C1581 STRAIN (STRESS) DATA FOR CONTROL MIXTURE C RINGS
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FIGURE 40 IMAGE OF A CRACKED CONTROL ASTM C1581 RESTRAINED SHRINKAGE SPECIMEN

Table 9 summarizes the cracking performance of mixtures. These data show an improvement in the time to cracking
and a reduction in the shrinkage stress by 46% with the application of the LWFA in mixture IC. The mixture C is
classified as a mix with moderate-high probability of restrained shrinkage cracking, whereas the mixture IC is
classified as a mix with moderate-low probability of restrained shrinkage cracking.

TABLE 9 ASTM C1581 RESTRAINED SHRINKAGE RING RESULTS

IC IC Std. C Std.
Property Mean Dev. C Mean Dev.
Initial Strain (ue) -1 5.4 -13.2 1.4
Maximum Strain (ug) -74 26.2 -65.4 19.5
Strain at Cracking (j€) -70.8 28.1 -58.5 28.9
Age at Cracking (days) 22.2 1.8 12.2 8
Stress Rate (psi/day) 18 4.5 33.5 17.3
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2. Service Life Analysis

Service life analysis utilized simulations by Life 365™ and STADIUM®. These simulations follow the basic guidelines in
the fib Bulletin 34 [24, 28, 45]. The simulation modeled a bridge deck subjected to deicing salts in Detroit, MI.
Typically, a less permeable mixture containing SCMs would be applicable in this case, however, this study considered
only ordinary Portland cement (OPC) to highlight the effects of the LW aggregate for a low w/cm mixture.

Life 365™ Service Life Analysis

The default values in the Life 365 program for a Detroit urban bridge deck were used for the temperature data.
Concrete cover was chosen to be 75 mm (3 inches) in the absence of SCMs or additional corrosion protection. The 28-
day ASTM C1556 bulk diffusion values were obtained from experimental results, which were lower than default
values in Life 365™, The default rate of chloride ingress was modified for the LW mixtures by multiplying the years
of buildup for the control mixture by the ratio of the control ASTM C1585 initial absorption to the LW initial
absorption at 90 days. The buildup time for the control mixture was multiplied by an additional 2.5 times to account
for the ratio of the control at 28 days to that of a typical concrete at 28 days at a higher w/cm. Figure 41 exhibits
the relationship between these parameters and highlights the deviations of results for certain mixtures from the
overall trend. The mixture design data resulted in lower capillary absorption values for typical mixtures upon which
the data in Life 365™ were determined. The Life 365™ model does not directly address porosity which would lead
to higher actual chloride concentrations at all levels. Since this chloride is in the porous aggregates and not the paste,
it does not contribute to the corrosion. Therefore, a correction is not needed for modeling corrosion performance.
However, due to the higher porosity, the measured surface concentration is higher. This increase is subject to
correction for determining the threshold value. Note that the maximum chloride content at the surface is the 0.85% on
concrete in the Life 365™ model multiplied by the ratio of the Cs value of the lightweight mixture to that of the
control mixture.
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FIGURE 41 NORMALIZED YEARS TO MAXIMUM AND INITIAL ABSORPTION RATIO

Table 10 provides diffusion values along with other modeling parameters in the Life 365™. The diffusion coefficient
will decrease in time due to continued cement hydration. The m parameter as defined below is used to develop the
relationship of the diffusion coefficient to time. The m values were determined by comparing the ASTM C1760 bulk
conductivity values at 28 and 90 days and fitting it to the equation:

Koo = K25(t28/to0)™

where, K, is the conductivity at time t, and m is the aging (hydration) coefficient. As the conductivity is directly related
to the diffusion coefficient, the m value calculated describes how the diffusion coefficient will decrease in time
according to the equation:

Dy = Dyg(28/t)™

where D, is the diffusion coefficient at time t. The default value for the m parameter in Life 365™ is 0.2 for Portland
cement. Since only Portland cement is present, the diffusion coefficient was assumed to become constant after one
year [77-80]. Longer curing times could be used to determine if hydration continues for longer periods with
lightweight aggregates. Figure 42 presents the normalized diffusion and m values, indicating the conceptual
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difference between the effects of LWCA and LWFA. Figure 43 highlights these effects and high deviant points for
high LWCA content mixtures.

TABLE 10 PARAMETERS IN THE LIFE 365™ MODEL

LW1 LW2

LW1  Std. LW2  Std.
Transport Property Mean Dev. Mean Dev. ALW LWF |IC C
Diffusion ASTM C1556 (E-9 in?/s) 28-d 706 027 707 104 682 295 6.98 558
m 0.24 0.004 024 0.031 059 064 039 0.30
Hydration Time (Years) 1 0 1 0 1 1 1 1
Maximum Surface Concentration (%
mass) 1.01 0.184 116 0377 200 212 082 0.85
Years to Maximum 341 132 352 310 362 519 271 155
Chloride Threshold (% mass) 0.13 0.064 0.10 0.015 010 0.09 0.06 0.05

1 Maximum allowed m in Life 365™ is 0.6
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FIGURE 42 COMPARISON OF DIFFUSION AND CALCULATED RATE OF CONDUCTIVE IN TIME, M VALUE

The last correction that needs to be made for Life 365™ is to adjust the corrosion threshold levels. The Life 365™
assumes the same unit weight for all concrete mixtures. This is not the case for this study, thus, there is a need to
multiply the chloride threshold level, Ct by the unit weight of the control concrete divided by that of the lightweight
concrete. This number is multiplied again by the ratio of the determined surface chloride to the corrected surface
value. This correction results in higher threshold values for the lightweight concrete mixtures reflecting that some
chloride is not available and that the mass of the concrete is lower, even though the cement content is the same as the
control mixture.

The performed service life analysis considers a comparison between the control NW aggregate mixtures and similar
LW aggregate mixtures utilizing the same design approach to address the effects of the aggregate porosity on the
outcome.

The target service life was defined as 6 years after the onset of corrosion in the Life 365™ model. Table 11 shows
the resulting service lives and their statistical trends. Curves for chloride as a function of time until corrosion initiation
at 75 mm (3 inch) level and service life graphs are available in Figure 46 to Figure 53. Note that the Life 365™ does
not adijust for the unit weight, therefore, the chloride threshold values on mass of concrete would be higher than what
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is shown in these curves, which explains the increased threshold level. The chloride in the LW aggregate is accounted

for in the higher surface concentration.
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The Life 365™ analysis reveals that the performance of the LW mixtures varies among different mixtures with a
range of 0.86 to 1.64 times the control NW mixture, with 34% and 15% increase for LW1 and LW2 mixtures,
respectively. This is even though the conductivity is higher for the LW mixtures and more chloride would be in the
concrete due to porosity in the aggregates. However, as shown in Table 11, there is a significant improvement in the
ALW and LWF mixtures of approximately 1.64 to 3.06 times (64% to 206% increase), indicating that increasing the
LWFA content is an effective means of increasing the service life of the concrete. The addition of LWFA for internal
curing results in approximately a 25% improvement in service life predictions. A conservative approach of one year
for hydration to continue was used; if it continued longer, then the service life would be higher. This is especially the
case for the concrete mixtures containing LWFA. Figure 44 provides the Life 365™ estimate of the life cycle cost using

default values.

TABLE 11 AVERAGE LIFE 365™ PREDICTIONS OF SERVICE LIFE (6 YEARS AFTER CORROSION INITIATION)

Lw1 Lw2
LW1  Std. LW2  Std.
Concrete Mean Dev. Mean Dev. ALW LWF IC C
Service Life (Years) 48 14 41 9 59 110 45 36

TABLE 12 AVERAGE LIFE 365™ PREDICTIONS OF NORMALIZED LIFE CYCLE COST

Lw1 Lw2
Lw1l  Std. Lw2  Std.
Concrete Mean Dev. Mean Dev. ALW LWF IC C
Normalized Life Cycle
Cost 090 010 096 006 084 045 092 1.0
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Following climate date by FHWA [81], the service life prediction may cover four climate zones. Figure 54 and Figure
55 exhibit a summary of normalized service life prediction results for representative cities in these climate zones:
Detroit, Ml (wet freezing), New Orleans, LA (wet non-freezing), San Francisco, CA (dry non-freezing), and Denver,
CO (dry freezing). These results confirm previous results in effectiveness of LWA mixtures to enhance the service life
of concrete. Further, it is evident that LWA mixtures are more effective in dry zones that wet zones. In particular, the
internally cured mixture had the most efficiency in the dry non-freezing zone of San Francisco, CA. In addition, results
include a comparison between urban highway bridge (UHB) and marine tidal zone (MTZ) concrete in San Francisco
and New Orleans. Figure 55 indicates the need for FLWA to enhance the service life of concrete in marine tidal
zones.

Following cost data and assumptions provided through prior life cycle analysis studies [82], the normalized life cycle
unit cost of internally cured concrete was compared with the normalweight concrete for an urban highway bridge in
Dubuque, IA. The data set suggests that the repair cost of concrete, including full grinding and 10% replacement, is
nearly eleven times more than the cost of construction materials. Hence, the overall life cycle cost is highly sensitive to
the service life of concrete. Results indicate that application of internal curing extends the service life of concrete by
30%, and hence, reduces the life cycle cost by 5%. Every percentage of change in the cost of construction materials
will change the overall cost by 0.05%, while the same amount of change in repair cost has a 0.92% effect. The one
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percent change in the cost of lightweight aggregate has a negligible effect of 0.001% on the overall life cycle unit
cost.
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STADIUM Modeling

The STADIUM® simulation utilized the IDC and MTC values in Table 8. Figure 57, Figure 58, and Figure 59 exhibit
the normalized values for these and other parameters in the STADIUM® model. The porosity was adjusted to reflect
the porosity of the cement paste; hence, additional porosity corrections were not necessary to adjust the threshold
values. In STADIUM®, the surface concentration is treated differently than in Life 365™, therefore, accessible porosity
in the aggregate does not need to be addressed. To determine actual chloride content in the concrete at any given
time, an adjustment is needed for porosity in the aggregate, which would raise the actual chloride level. However,
this is not needed to predict the time to corrosion. As in the case for Life 365™ modeling, the threshold values are
raised to reflect the lower unit weight of the concrete, however as noted, a correction for porosity is not required in
STADIUM®. Table 13 shows the parameters used in the STADIUM® modeling.

TABLE 13 AVERAGE PARAMETERS USED IN STADIUM MODELING

LW1 LW2
LW1 Std. LW2 Std.

Transport Property Mean Dev. Mean Dev. ALW LWF IC C
IDC at 28 days (101! m?/s) 12.8 0.8 11.7 2.0 9.8 7.2 10.4 14.3
Hydration Parameter - a 0.52 0.02 0.42 0.10 0.44 0.39 0.39 0.39
Hydration Parameter - a (1/s) 0.0040 0.0000 0.0029 0.0014 0.0004 0.0003 0.0003 0.0004
Corrected MTC (10-22 m?) 5.7 3.0 7.2 3.8 4.3 3.3 5.7 10
Porosity (%) 10.98 0.69 11.39 1.96 11.6 11 111 11.7
Max Chloride at Surface
(mMI/L) 1000 0 1000 0 1000 1000 1000 1000
Chloride Threshold (ppm) 777 99 824 186 700 540 515 500
1.4
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1
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FIGURE 57 NORMALIZED IDC AND CORRECTED MTC
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Table 14 shows the times to spalling and cracking (initiation plus six years for propagation. Figure 60 exhibits the
trend of service life for the LWCA and LWFA contents. Figure 61 presents the chloride profiles as a function of time.
Note that actual chloride contents in the concrete would be higher as the chloride in the lightweight aggregate is not

considered.

TABLE 14 AVERAGE STADIUM® PREDICTIONS OF SERVICE LIFE (6 YEARS AFTER CORROSION INITIATION)

Lw1 Lw2
LW1  Std. LW2  Std.
Concrete Mean Dev. Mean Dev. ALW LWF IC ()
Service Life (years) 45 3 59 11 46 64 45
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FIGURE 61 STADIUM® CURVES AT 75 MM (3 INCHES) OF COVER FOR A BRIDGE DECK EXPOSURE IN DETROIT, MI

The times to repair for LW1 and LW2 in STADIUM® predictions are higher than the Life 365™ predictions. However,
the STADIUM® analysis showed no change in performance for the control, so these LW 1 and LW2 mixtures
outperform the control mixture by approximately 31% and 75%, respectively. The IC and LWF mixtures had 32%
and 88% increase in service life, respectively. Appendix 3 presents the STADIUM® inputs and individual curves.

Figure 62 provides a comparison between two models. As in the Life 365™ analysis, all the LW fine mixtures are
significantly outperforming the control mixtures in the STADIUM®, but to a lesser extent than predicted in the Life
365™ modeling. The predicted times to cracking and spalling are equal to or better than the control concrete for all
the lightweight mixtures for both analyses.
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3. Conclusions

Transport properties of concretes with LW aggregates were determined versus a control mixture without lightweight
aggregate. The service life performance of a bridge deck in the Detroit, Ml area was determined using the transport
properties applied in the Life 365™ and STADIUM®.

To address the effects of the aggregate porosity, it was necessary to use several test methods and a comparison to a
NW aggregate control concrete of the same mixture design and materials.

An internal curing mix with a small quantity of LW fines improved time to restrained shrinkage cracking, produced
higher strength, and resulted in a longer service life than the control concrete.

In this study, LW aggregate concrete mixtures were shown to increase the compressive strength of concrete.

Conductivity tests can be used to determine how permeability changes in time, but higher conductivity (corresponding
to higher ASTM C1202 rapid chloride permeability), or lower surface resistivity, do not necessarily indicate a higher
chloride ingress rate for LW aggregate concrete mixtures. Likewise, the loss of moisture is high in the migration drying
tests conducted for STADIUM®. However, the reintroduction of moisture at relative humidity found in regions where
deicing salts are used, was found to be reduced using the ASTM C1585 absorption test method.

Results for the control mixture indicated that STADIUM® has underestimated the service life by 3% in comparison to
the Life 365™.

The STADIUM® results showed that that the service life would be increased compared to the control as follows:

e  For lightweight coarse aggregate mixtures by 21% to 35% in presence of some normalweight course
aggregate, and by 32% to 138% without presence of normalweight coarse aggregate. Average values for
these series were 31% and 75%, respectively.

e For replacement of normalweight fine with lightweight fine aggregate, the service life increased 32% and
88% for internally cured and reverse lightweight mixtures, respectively.

e The service life of all lightweight aggregate mixture was predicted as 135% of the control mixture.

Life 365™ results analysis showed similar results for LW coarse aggregate mixtures and the normal weight control
mixture as follows:

e The increase for lightweight coarse aggregate with and without normalweight coarse aggregate were 33%
and 14%, respectively. The later value ranged between 0.86 and 1.64 with a coefficient of deviation of
22% that indicates inconsistencies in modeling.

e The increase in service life for substitution of normalweight fine with lightweight fine aggregate was 25%
and 306% for internally cured and reverse lightweight mixtures, respectively.

e The all lightweight aggregate mixture exhibited 64% more service life than the control mixture.

e  Comparing data for various climate zones hints that benefits of LWA mixtures for extending the concrete
service life are applicable in all zones with maximum benefits in the dry and non-freezing regions as
opposed to wet or freezing zones.

e LWA mixtures with FLWA enhance the service life of marine structures within the tidal zone.

e The life cycle cost analyses indicated that application of LWA reduces the life cycle unit cost with negligible
0.001% sensitivity to the cost of LWA aggregate.

Key Finding

The partial substitution of normalweight fine aggregate with lightweight fine aggregate for internal curing reduces
restrained shrinkage cracking and increases the compressive strength and the service life. The results for reverse
lightweight mixture with normalweight coarse and all lightweight fine aggregates confirms previous result and show
even higher predicted service life values. Application of coarse lightweight aggregate also contributes to the
enhancement of the compressive strength and the extension of the service life, but outcomes vary depending on the
relative contents of lightweight and normalweight aggregates.
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Disclaimer

The results and conclusions are based upon the materials tested and the specific mixture design of specimens, the
models used, and engineering judgement exercised by the laboratory in charge, Tourney Consulting Group, LLC.
Different mixture designs and materials would be expected to follow the trends found, but validation of the transport
properties is recommended before modeling. The service life models do not address cracking and the analysis is
based on repair of cracks greater than 0.1 mm (0.004 inch) in width.
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