Joint Institute for Wood Products Innovation

Measuring Transport Properties for Concrete Containing CNC:

Porosity, Resistivity, and Chloride Ingress

Final Report

Feyza Sahan, Graduate Student, Oregon State University, Corvallis, OR
Krishna Siva Teja Chopperla, Postdoctoral Scholar, Oregon State University, Corvallis, OR
0. Burkan Isgor, PI, Oregon State University, Corvallis, OR

W. Jason Weiss, Pl, Oregon State University, Corvallis, OR

March 6%, 2024

6(e)(i)(1)



Project Overview

This project examined the impact of cellulose nanocrystals (CNC) on the transport properties of concrete.
The transport properties describe the ability of the concrete to resist the diffusion of fluids containing
salts from deicing agents or seawater into the concrete. These transport properties are used in the service
life modeling of concrete, particularly as it relates to the time required for the ions in salt water or deicers
to reach the steel, depassivate the steel, and enable corrosion of the steel to initiate. This report shows
that the use of CNC does not reduce the service life of the concrete. Samples made where 20% of the
cement clinker (20%LS) was replaced with limestone and CNC provided similar time-to-corrosion initiation
performance when compared with conventional concrete. The 20% LS +CNC mixture has a reduction in
global warming potential (GWP) of 15-20% of the concrete. The CNCs that are used in concrete can be
produced as a part of a “thin-from-below” forest management approach. Approximately 70 acres of “thin-
from-below” forest management would correspond to paving a mile of 8-inch thick concrete pavement
with 12 ft lanes on a 4-lane road.

Background

This work evaluated the transport properties of concrete containing cellulose nanocrystals (CNCs). Mortar
samples were prepared without CNC for reference and with CNC (0.2% binder by mass). Samples were
tested for (1) a conventional mixture using ordinary portland cement (OPC), (2) a mixture with an OPC+
limestone blend (OPC+20LS or OPC+30LS), (3) OPC+slag+limestone blend (OPC+50Slag+20LS). Seven
mixtures were prepared consisting of three mixtures without CNCs (OPC, OPC+20LS, OPC+50Slag+20LS)
and three mixtures with 0.2% CNC (by mass of binder where binder is the sum of OPC, LS and Slag)
(OPC+20LS, OPC+30LS, OPC+50Slag+20LS) were cast. For all mixtures, a water-to-cementitious material
ratio (w/cm) of 0.40 was kept constant and mortar samples with standard sand (sand content 35% of total
mass) were cast to reduce the influence of large aggregate. Table 1 provides a summary of the mixtures
used in this study.

Table 1. The mixture details of the mixtures proposed in this study (by mass)

OPC Limestone (LS) Slag (SL) nanoccr?/!:alliszeCNCs)
OPC_OCNC 100 % 0% 0% 0.0%
20LS_OCNC 80 % 20% 0% 0.0%
20LS_0.2CNC 80 % 20% 0% 0.2%
30LS_0.2CNC 70 % 30% 0% 0.2%
20LS_50SL_0CNC 30% 20% 50 % 0.0%
20LS_50SL_0.2CNC 30 % 20% 50 % 0.2%

The samples were tested at 91-days for compressive strength (AASHTO T22 [1]), 91-days for porosity
(AASHTO TP-135 [2]), 91-days for resistivity (AASHTO TP-402 [3]), chloride binding isotherms [4], and the
apparent chloride diffusion coefficients (ASTM C1556 [5]).
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Task 1-Determination of 91-day compressive strength (AASHTO T22):

For compressive strength, three 50 mm (diameter)x100 mm (length) cylindrical samples were tested
following AASHTO T22 at 91 equivalent days. The samples were cured under sealed conditions for 3 days
at 23+1 °C and 25 days at 50+1 °C to accelerate curing so that a 91-day equivalent age was achieved.
Figure 1 shows the average compressive strength of three repeats of each mixture (MPa) vs the SCM
replacement (%). The compressive strength decreases as the OPCis replaced. The strength of the systems
containing CNC is generally similar to that of systems without CNC for similar mixtures.
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Figure 1. The average compressive strength (MPa) of the mixtures at 91 days

Task 2-Determination of electrical resistivity (AASHTO TP-119):

The AASHTO TP119-22 test method (Option A) was used to assess uniaxial resistivity measurements. Two
specimens were selected with 50 mm (diameter) x100 mm (length) cylinder dimensions. The specimens
were cured in a sealed condition after casting until testing. After demolding, the specimens were placed
under vacuum at 7 = 2 Torr for 3 hours. The simulated pore solution consisting of 7.6g/L NaOH (0.19M);
10.64g/L KOH (0.19M); 2g/L Ca(OH), (0.027M) was added and the specimens were allowed to saturate
under a vacuum for 1 hour. The specimens were stored under simulated pore solution at 23°C+/-1.5°C for
24 + 4 hours. The specimens were tested after the saturation at a single frequency of 10 kHz and the bulk
resistivity was calculated according to equation 1:

A .
p= Rcylinder (Z) (Equation 1)

where p is the saturated bulk resistivity (Q-:m); Reyiinger is the vacuum-saturated resistance (ohm, Q); A is
the cross-sectional area of the sample (m?); L is the length of the sample (m).
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Figure 2. Electrical resistivity of the mixtures (ohm.m)

Task 3-Determination of porosity (AASHTO TP 135):

After bulk resistivity measurements, the saturated weight and the apparent weight were measured for
two specimens from each mixture. Then, the specimens were then dried at 105°C to obtain dry weight
until a constant mass was achieved. The porosity of the cylinders was computed using Equation 2:

o = sa Mdry (Equation 2)

Wsat~Wapp

where O is the porosity of the mortar specimens; ws is the vacuum-saturated weight of the specimens;
Wqry is the dry weight of the specimens; and wap is the apparent weight of the specimens. For each
mixture, two specimens were tested and the average of two specimens was reported in Figure 3.
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Figure 3. Porosity of the mixtures (%) vs SCM replacement

Task 4-Determination of apparent chloride diffusion (ASTM C1556)

The ASTM C1556 test method was used to determine the apparent chloride diffusion coefficient. 100 mm
(diameter)x200 mm (length) cylinder specimens, were cured for 91 days and then cut into samples with
75 mm test specimen heights. The specimens were vacuum-saturated with lime water and dried at 23+1
°C and 50%3 % RH for 24 hours. The samples were coated with a 2-part epoxy resin on all the surfaces
except the surface that was exposed to chlorides to simulate one-dimensional ingress. The samples were
then reweted with lime water. The initial chloride content of the samples was measured at 0.0% by weight
of the sample. The samples were exposed to 165 g/L NaCl solution according to ASTM C1556 for 56 days
in sealed containers. After the chloride exposure, the samples were profile ground at 1 mm layer intervals
to get samples at different depths by following the recommended depth in Table 1 (ASTM C1556). The
powdered samples were used to determine acid-soluble chloride contents using ASTM C1152/1152M [6]
by titration using a 0.05N silver nitrate solution. The surface chloride concentration and apparent chloride
diffusion coefficient were computed by fitting the following equation to measured chloride-ion contents;

C(x,t) =Cs— (Cs — C;) erf (\/%at) (Equation 3)
where C (x,t) is chloride concentration measured at depth x and exposure time t (mass %), Cs is the surface
chloride concentration (mass %), Ci is the initial chloride concentration before exposure (mass %), x is the
depth of exposure layer (m), D, apparent chloride diffusion coefficient (m?/s), t is the exposure time (s)
and erf is the error function. The results for measured chloride contents versus depth below the surface
and best-fit curve are presented in Figure 4. The estimated surface chloride concentrations and the
diffusion coefficients obtained by chloride profile are given in Table 2.
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Figure 4. Chloride profile fit obtained from ASTM C1556

Table 2. The surface chloride concentrations and diffusion coefficients of the mixtures

Surface Concentration, Cs Diffusion Coefficient, D,

(% sample mass) (m?/s)
OPC_OCNC 1.08 2.79 x10'1
20LS_0.2CNC 1.19 3.35 x10!
30LS_0.2CNC 1.18 3.90 x10*
20LS_50SL_OCNC 1.10 3.50 X102
20LS_50SL_0.2CNC 1.11 2.70 X102

Task 5-Determination of chloride binding:

In order to determine bound chloride, the samples were crushed/powdered and exposed to simulated
pore solutions containing different chloride concentrations of NaCl solutions. The powder-to-exposure
solution ratio was kept as constant value of 2. The prepared chloride solutions had concentrations equal
to 0.1 M, 0.5M, 1.0 M, 2.0 M, and 3.0 M of chloride ions. The samples were equilibrated for 14 days and
occasionally agitated to ensure uniform exposure to the chloride solutions. After this duration, 30-100 pl
of the equilibrated solution was used in potentiometric titration with 0.05 N silver nitrate to determine
free chloride concentration. From the initial concentration (co) of the solution and the final concentration
of the solution (c;), the bound chloride concentrations (c,) were determined by following equation;

— (co—¢c1)VsotMci

Cp
Mpaste

(Equation 4)
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where Vsl is the volume of solution (ml), Mc is the molar mass of chloride, and msample is the mass of the
sample (g). Free chloride concentrations were plotted against the bound chloride concentrations and the
data was fit with the Freundlich isotherm to determine the isotherm parameters: alpha and beta.
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Figure 5. Chloride binding isotherms of the mixtures

Table 3. Fitted Freundlich parameters of the mixtures

alpha beta R2
OPC_OCNC 6.64 0.63 0.996
20LS_OCNC 7.35 0.65 0.974
20LS_0.2CNC 6.90 0.69 0.998
30LS_0.2CNC 6.75 0.67 0.999
20LS_50SL_OCNC 4.60 0.79 0.978
20LS_50SL_0.2CNC 4.60 0.76 0.999

Task 6-Simulated chloride profiles for concrete:

Chloride profiles were generatedd for hypothetical concrete samples produced with the six cementitious
mixtures. The concrete is assumed to have a paste content of 26% (after the incorporation of coarse
aggregate) giving the concrete a unit weight of 2310 kg/m3. Porosity and formation factor measurements
have been used to calculate the diffusion coefficient of concrete without considering the aging effect. It
is assumed that the concrete is 75% saturated and exposed to a marine environment. The information
presented in Task 5 is used to model chloride binding. Figure 6 illustrates the free chloride profiles of these
mixtures after exposure to a marine environment for 10 years. It can be noted that the CNC do not
reduce the service life of the concrete. Rather the 20%LS sample with CNC provides similar performance
to the OPC system.
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Figure 6. Chloride profiles of the hypothetical concrete samples produced with the six cementitious
mixtures after exposure to a marine environment for 10 years. The effect of aging is not included in the
simulations.

CELLULOSIC NANOCRYSTALS (CNC) CONCRETE USE AND ITS RELATION TO FOREST MANAGEMENT*

*The authors gratefully acknowledge the support of Scott Burdette, USFS (12/2023) for assistance with
these calculations. The factors listed below build on Scott Burdette's calculations and the previous work
by Jason Weiss, OSU, and Michael Goergen, U.S. Endowment (4/2021). Larry Swan, USFS, also provided
assistance in these calculations.

Toillustrate the potential forest management impacts of using CNC made from forest biomass in concrete
a series of calculations were performed as described below. Approximately 3,120 Ibs of CNC are produced
per acre of “thin-from-below” forest management. This results in approximately 70 acres of “thin-from-
below” forest management producing CNC being used to pave per mile of a 4-lane road.

The amount of CNC that is produced using “thin-from-below” approaches in mixed conifer in Sierra
Nevada 3,120 Ibs/acre. This is based on two assumptions. The first is that the CNC yield from a bone-dry
ton of raw wood (i.e., without needles and bark) is approximately 12% (personal communication with Carl
Houtman of the USDA Forest Service Forest Products Lab, April 2021). The second assumption is that 13
bdt/acre of forest biomass is left at roadside during a thin-from-below prescription in California Sierra
Nevada mixed conifer (i.e., approximately 1 truckload (Larry Swan, pers. comm. USDA Forest Service,
4/2023). As a result, 13 bdt forest biomass/acre *0 .12 = 1.56 tons CNC or 3,120 lbs per acre.
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Assume that CNC is used at a dosage rate of 0.2% CNC per mass of cement. Cement is assumed to be 654

Ib/yd3. Each cubic yard of concrete is approximately 2 tons (4000 lbs) resulting in approximately 1.3 lbs

of CNC/yd>. This implies that an acre of thinning would correspond to 2400 yd? of concrete (4,700 tons).

Assume that 1 mile of a 4-lane road is paved using concrete (8 inches thick with 12 ft lanes) approximately

168,960 yd? of concrete is used. This would correspond to approximately 70 acres of “thin-from-below”

forest management per mile of the 4-lane road.
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