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Virtual Testing of Concrete Transport Properties

by D.P. Bentz, E.). Garboczi, N.S. Martys, K.A. Snyder,
W.S. Guthrie, K. Kyritsis, and N. Neithalath

Synopsis: The transport properties of concrete are critical to its field performance. Commonly
encountered degradation mechanisms are dependent on ionic diffusivity, sorptivity, and permeability.
In this paper, virtual testing of two of these concrete transport properties, diffusivity and permeability,
will be reviewed. Virtual evaluations of ionic diffusion (and equivalently conductivity) will be presented
as one example that spans the full range of applications, from computations on cement paste with
micrometer resolution to a virtual rapid chloride permeability test (RCPT) that simulates the standard
ASTM test method for conductivity of concrete cylinders. At the concrete scale, a hard core/soft shell
(HCSS) microstructural model may be employed to estimate diffusion coefficients, while finite
difference solutions of Fick’s laws that incorporate sorption/reaction may be employed to evaluate
remediation strategies for real world bridge decks. Virtual evaluations of permeability are dependent
on a sufficient resolution of the pore sizes that are critical for flow under pressure. Two recent
successful evaluations will be presented in this paper: the permeability of cement pastes
(hydroceramics) cured at elevated temperatures, where transport is controlled by micrometer-sized
pores, and the permeability of pervious concrete that is dominated by its coarse porosity (scale of
mm). Many of the presented computational (virtual) tools are freely available over the Internet, either
for direct access (remote computation) or for downloading.

Keywords: building technology; diffusion; durability; microstructure; permeability;
transport; virtual testing.
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INTRODUCTION

To engineer durable concrete structures that will provide an acceptable service life, appropriate mechanical
and transport properties are equally critical.® All common concrete degradation processes including corrosion
of steel reinforcement, sulfate attack, alkali-silica reaction, and damage due to freezing/thawing (scaling) are
strongly influenced by one or more of the following three major transport mechanisms: diffusion, permeability,
and sorptivity. Thus, a viable approach to increase concrete service life is to reduce the values of these transport
coefficients. Understanding the relationships between microstructure and transport can accelerate the achieve-
ment of such reductions. In this paper, approaches for obtaining an increased understanding of diffusion and
permeability of cement-based materials based on computational materials science will be presented. This virtual
testing of concrete properties can provide deeper insights into microstructure-property relationships and can
also reduce expensive, laborious experimental testing.?

RESEARCH SIGNIFICANCE
While computational materials science has been applied to cement-based materials for well over 20 years,
it generally has focused more on fundamental scientific issues rather than real world practical scenarios. This
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paper will present results that bridge this gap between computational materials science and real world applica-
tions. In addition to having immediate application to the real world problems, these results will demonstrate the
powerful (and real) potential of a computational materials-science-based approach and hopefully aid in demys-
tifying the modeling of concrete materials and performance.

MODELING TECHNIQUES
Microstructural Models

While the focus of this paper is on transport, a brief introduction into three different microstructural models
that will be employed to provide inputs to algorithms for computing transport will be presented. The first,
CEMHYD3D, is a computer model for the hydration and microstructure development of cement paste that is
founded on a digital-image-based approach in which a three-dimensional computational volume is divided up
into a cubic grid of voxels, where each voxel contains a single cementitious phase (starting material, water, or
hydration product).>4 The hydration process is simulated by iteratively applying a set of rules to mimic dissolution,
diffusion, and precipitation throughout the three-dimensional set of voxels. A typical CEMHYD3D microstructure
is 100 elements on a side (or 1 million voxels in total) with a voxel dimension of 1 pm (3.94 x 1075 in). Because the
model microstructure is available as a three-dimensional digital image, it can be easily utilized as input to finite
element or finite difference algorithms for computing mechanical or transport properties. At this voxel size, the
CEMHYD3D model exhibits a percolation/depercolation transition for the capillary porosity at a value of about
20 %, in general agreement with experimental data for ordinary portland cement pastes.® In a percolated system,
there is a continuous pathway across the microstructure within the capillary porosity. In a depercolated system,
there is no such pathway within the porosity from one side of the microstructure to the opposite one.

The second microstructural model is the so-called hard core/soft shell (HCSS) model, one documented version
of which is readily available from NIST.® As opposed to CEMHYD3D, HCSSModel is a continuum-based model
consisting of hard impenetrable (spherical) particles, optionally surrounded by a soft shell. Originally developed
to represent concrete aggregates and their surrounding interfacial transition zones (ITZ),® the model has been
extended and adapted for numerous concrete applications including the mitigation of spalling of high-perfor-
mance concretes via the addition of polymeric fibers,” the adaptation of the protected paste volume concept to
internal curing,® and most recently the documentation of the influence of water-cement ratio (w/c) and cement
particle size distribution on particle spacing in fresh cement paste.? The model represents a three-dimensional
cube of concrete (mortar or paste) and the particle size distribution for the particles is chosen to match that
of the real materials. For example, models as large as a 50 mm x 50 mm x 50 mm (2 in. x 2 in. x 2 in.) cube of
concrete have been created, requiring well over 1 million individual particles to adequately represent a realistic
concrete aggregate size distribution. For the HCSSModel, the percolation/depercolation transition for the “bulk”
phase (not contained in the hard cores or the soft shells) occurs at a volume fraction of 3 % to 4 %, as it is more
difficult to disconnect the bulk phase by concentric spherical shells than it is by the random growth processes
employed in the CEMHYD3D model.®>*

The third microstructural model is a general image-based reconstruction algorithm for creating a three-dimen-
sional microstructural representation based on a two-dimensional image, as obtained using scanning electron
microscopy, for example.’? Assuming an isotropic material, the autocorrelation function measured on the porosity
phase in the two-dimensional image is utilized to reconstruct a “representative” three-dimensional microstruc-
ture with the same porosity, surface area, and correlation as the original material. While first developed by Joshi®
and then extended by Quiblier** many years ago, very recently these algorithms have found renewed applica-
tions to cement-based materials, including pervious concrete and hydroceramics® (high temperature cements
for oil and geothermal well applications) as will be demonstrated in the results to follow. For the reconstruction/
based model, the percolation threshold for the “porosity” phase has been observed to be on the order of 10%,
avalue intermediate between the CEMHYD3D and HCSSModel values.*

Diffusivity/Conductivity

Based on the Nernst-Einstein equation shown in equation (1), diffusion and conduction in porous microstruc-
tures containing a conductive solution can be solved using the same basic computational procedures.
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where c is the conductivity of the microstructure, o is the conductivity of the pore solution, D is the diffusivity
of a specific ion in the microstructure, and D is the corresponding diffusion coefficient for the ion in bulk solution
of identical composition. Based on this equation, an electrical analogy can be used to estimate the diffusivity
of a three-dimensional cement paste microstructure such as that produced by CEMHYD3D, as shown in the top
portion of Fig. 1. Adjacent voxels in the microstructure are simply connected together by resistors, where the
resistance level indicates the relative conductivity (diffusivity) of the phases of the two voxels being connected.
Specifically, resistors connecting together two capillary pore voxels are assigned a value of 1, while those
connecting two voxels of the calcium silicate hydrate gel (C-S-H) are typically assigned a value of 250 to 400.:%7
The resultant electrical network can then be solved by finite element or finite difference techniques to obtain the
conductivity (diffusivity) of the complete microstructure.*® Such an approach was used in the past to develop an
equation for the diffusivity of tricalcium silicate pastes as a function of capillary porosity,*® an approach that was
later extended to cement pastes, including those with silica fume additions.”

For a continuum-based microstructure, such as one generated by the HCSSModel, applying the electrical analogy is
difficult. Instead, a continuum random walker (blind ant) approach is commonly employed for estimating diffusivities
(conductivities) as indicated in the middle portion of Fig. 1.6%92° In these simulations, each blind ant carries his own
watch and global positioning system (GPS) and steps randomly (and blindly) through the microstructure, with steps in
a more porous ITZ taking less time than equivalent steps in the bulk cement paste, for example. After a large number
(hundreds of thousands to millions) of steps, the diffusivity of the microstructure can be estimated from the mean
distance squared per unit time achieved by all of the ants (Fig. 1). For a typical simulation, 10 000 ants are used. The
HCSSModel provides an extremely flexible format for simulating real world variations, such as a concrete with internal
curing, where the lightweight aggregates are not surrounded by the ITZs that are present around their normal weight
counterparts, producing a significant reduction in the diffusion of chloride ions.*

Based on computations performed on virtual cement paste and concrete,”2° the next logical step is to proceed
to virtual test procedures, such as simulating the response of a field concrete to a standard ASTM or American
Association of State Highway and Transportation Officials (AASHTO) rapid chloride permeability test (RCPT) as
indicated in the bottom portion of Fig. 1.22 Such a virtual test has been developed by NIST and is available
at http://ciks.cbt.nist.gov/VirtualRCPT.html. The interactive application allows the user to select their mixture
proportions and testing conditions and provides predictions of the pore solution composition, its conductivity,
and ultimately the RCPT response. Features include the ability to reduce the testing time from the standard 6 h
to just a few minutes, to avoid temperature effects, as suggested by Snyder et al.?4 in 2000 and more recently
advocated by Riding et al.?> An example of the predictive ability of the virtual RCPT test is provided in Fig. 2, which
contrasts the experimental and virtual RCPT values?? for a variety of concretes from one particular study.?®

The final step in the modeling of diffusion is the prediction of chloride ion profiles obtained under realistic field
exposure conditions. NIST has developed a web-based application (Computer Integrated Knowledge System-
CIKS) for providing such predictions (http://ciks.cbt.nist.gov/~bentz/millandfill/clpenmillandfill.html).?” The
model is based on a one-dimensional finite difference solution for diffusion that includes chloride ion binding
by the cementitious hydration products and reaction with the aluminate phases to form Friedel’s salt. The user
specifies the average exposure temperature and chloride loading for each month of the year, as well as a variety
of mixture proportioning parameters.?” Working with Brigham Young University, NIST has recently extended this
application to consider real world remediation strategies such as surface treatments?® and scarification and
overlays (50),? as will be presented further in the results section to follow.

Permeability

The basic goal in computing the permeability of a material is to apply a pressure gradient across the three-
dimensional microstructure and compute the resultant flow. NIST has developed and recently distributed a
three-dimensional linear Stokes solver for performing this calculation for a three-dimensional microstructure
consisting of pores and solids.>° A finite difference solution of the linear Stokes equations for slow, incompress-
ible, steady-state flow is utilized to determine the x, y, and z components of the fluid velocity in each porosity
voxel. Once this finite difference solution converges sufficiently, the intrinsic permeability, k, of the composite
three-dimensional microstructure is calculated by volume averaging the local fluid velocity (in the direction of
the flow) and applying the Darcy equation:

u=——— @
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where u is the average fluid velocity in the direction of the flow (x-direction) for the microstructure obtained via
the Stokes solver program, 1 is the fluid viscosity, and L is the length of the sample microstructure across which
an applied pressure difference of AP exists.3! For a given microstructure, three separate runs of the computer
codes may be conducted to determine the (different) permeabilities for pressure-driven flow in the x, y, and z
directions. Obviously, for permeability predictions to be accurate, the three-dimensional microstructure used
as input must adequately represent the pores (sizes, connectivity, and tortuosity) that are dominating the flow
paths through the material.

RESULTS AND DISCUSSION

Diffusivity/conductivity

Many state departments of transportation (DOTs) are concerned with the penetration of chlorides (from de-icing
salts, for example) into bridge deck concretes and the resultant corrosion problems and concrete degradation.
Two approaches that are often considered for remediation of existing bridge decks are the application of imper-
meable surface treatments to prevent ingress of future chlorides and the scarification (milling) of the existing
bridge deck followed by the application of an overlay (filling), to remove the most chloride-laden portion of the
concrete and replace it by a (thicker) high-performance concrete.?®*? As mentioned above, the CIKS-Chloride
computer model has been recently modified to simulate the effects of both of these remediation strategies.

The application of these computer models has been demonstrated in a project that considered differences
in predicted performance for various cover depths for bridge decks with and without stay-in-place metal forms
(SIPMFs).?829 Relevant chloride ion diffusion coefficients were determined from chloride-ion profile measure-
ments obtained on specimens from 12 existing concrete bridge decks (six without SIPMFs and six with SIPMFs).
The CIKS system was then employed to simulate chloride concentrations at the (variable) depth of cover as a
function of the exposure age and the time of application of a given remediation strategy. Example results are
shown in Figures 3 and 4 for the case of a 5o mm (2 in.) concrete cover. When SIPMFs are employed, higher diffu-
sion coefficients are measured, due to the increased saturation level of the concrete. This requires the remedia-
tion strategies to be employed at earlier times to provide the same performance. Table 1 summarizes the latest
time at which successful remediation can be achieved with the performance criteria that the chloride concentra-
tion at the level of the top layer of reinforcement (cover depth) does not exceed 1.18 kg/m3 (2 lb/yd3). Because
the scarification and overlay treatment actually removes a portion of the chlorides (in the removed top layer of
the concrete), treatment can be slightly delayed when this more severe (and expensive) remediation strategy is
employed. However, the differences between treatments are far outweighed by the differences in deck type due
to the increase in chloride ion diffusion coefficients for decks with SIPMFs compared to those without SIPMF. This
study thus emphasizes the criticality of producing a concrete with a low chloride ion diffusivity.

Permeability

Originally, the permeability computation codes were developed with the hopes of computing permeabilities
as a function of degree of hydration for cement paste microstructures. While the predictions for fresh cement
pastes were reasonable, experimental permeabilities fell dramatically as the capillary pores depercolated during
hydration and the digital-image-based cement paste microstructural model was not able to adequately resolve
a wide enough range of pores sizes to provide reasonable permeability predictions. The permeability codes then
remained dormant for a number of years until recently when two new applications were found: cement pastes
cured at elevated temperatures (hydroceramics) and pervious concrete.

In deep oil and geothermal well cementing applications, hydration occurs at vastly elevated temperatures, as
the wells have typical working temperatures in the range of 200 to 350 °C (392 to 662 °F).* This requires the
utilization of special cements and leads to the formation of a variety of hydration products not typically encoun-
tered for room temperature hydration.® In addition, the porosities of these materials are generally higher and the
pore sizes larger than those in a well hydrated ordinary portland cement. Thus, application of the permeability
computation procedures to these hydroceramic materials was of interest. The general procedure employed in
reference 15 is summarized in Fig. 5. Starting from a two-dimensional scanning electron microscopy (SEM) image,
a binary (pore/solid) image is obtained and analyzed by determining the two-dimensional correlation function
for the porosity phase. This correlation function and the experimentally measured porosity for the material (values in
the range of 25% to 40%) are then used to reconstruct a three-dimensional representation of the microstructure
based on the procedures described above. The permeability computation code is then employed to compute a
fluid permeability for the reconstructed microstructure.
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Experimental and computational results are compared in Figure 6 for hydroceramics cured at 200°C (392°F)
and containing either alumina or silica additions. While the alumina creates a more porous and permeable
microstructure, the silica produces a denser microstructure with a dramatically reduced permeability. For both
silica and alumina additions, the experimental trends are well captured by the estimates provided by the compu-
tational procedures. Further, the predictions are observed to be reasonably accurate for permeabilities spanning
four orders of magnitude.

A second application where permeability is controlled by pores in a very limited size range is that of pervious
concrete. Pervious concrete is basically produced by removing the fine aggregate fraction from a concrete
mixture, producing a concrete with enhanced porosity and a set of connected pores that are up to several milli-
meters in size. In this case, an optical microscope can be utilized to capture a two-dimensional image of the
porosity of the pervious concrete. The same two-dimensional image to three-dimensional microstructure algo-
rithms can then be employed as shown in Figure 5. Figure 7 provides an overview of the process for a pervious
concrete, along with a graph comparing previously obtained experimental and model permeability values. Once
again, the predictions provided by the reconstruction/computation algorithms are in reasonable agreement
with the experimental values compiled from three different sources.3234 Conversely, as shown in the graph in
Figure 7, model predictions generated based on a version of the HCSSModel produced permeabilities that were
well above those measured experimentally, most likely due to that models much lower percolation threshold
as mentioned earlier. In addition to permeability, the reconstructed three-dimensional microstructures of the
pervious concrete can also be analyzed to assess other issues such as the potentials for clogging and freezing/
thawing damage."

SUMMARY AND PROSPECTUS

Successful applications of virtual testing of transport properties have been demonstrated for both diffusion and
permeability. In the case of diffusion, a multi-scale approach allows modeling of transport from the nanoscale
(C-S-H) to the macroscale (bridge decks). Finite difference, finite element, and random walk computational
methods are valuable techniques for transforming microstructural representations into quantitative diffusion
coefficients. Such an approach can be further extended to consider changes in transport properties due to
material damage including leaching3s and tensile cracking.3® In the case of permeability, a 3-D microstructure
reconstruction method has been paired with a Stokes solver to provide a quantitative virtual permeability test.
Predictions for porous hydroceramics and pervious concrete agree well with experimental measurements. In
both of these cases, pore structures of materials with nominally 20% to 30% porosity are well captured by the
reconstruction method, whose inherent percolation threshold of around 10% can sometimes limit the accuracy
of predictions at lower porosity values.*?

Virtual testing of concrete transport properties aids in the development of fundamental microstructure/property
relationships, such as those between transport coefficients and porosity (Fig. 7) or other microstructural char-
acteristics. Additionally, virtual testing has the potential to be applied to a wide variety of “what if” field scenarios
to optimize mitigation and remediation strategies, as demonstrated for remediation of chloride-contaminated
bridge deck concretes (Fig. 3 and #). The various models described in this paper and their locations on the
Internet are summarized in Table 2. All are freely available for execution and/or downloading; documentation in
the form of user manuals or accompanying technical articles is also provided.
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Table 1—Latest treatment times versus bridge deck type and remediation strategy

Bridge deck type Treatment type Latest treatment time
SIPMF Surface 1year
No SIPMF Surface 5 years
SIPMF Scarification and overlay 2 years
No SIPMF Scarification and overlay 6 years

Table 2—NIST models for virtual testing (available for remote execution or downloading)

microstructural model

Model Description/Purpose Download location or web page address
Cement hydration . . .
CEMHYD3D (version 3.0) ftp://ftp.nist.gov/pub/bfrl/bentz/CEMHYD3D/version3o
HCSSModel Hard core/soft shell 3-D http://ciks.cbt.nist.gov/cmml.html

3-D Reconstruction

Correlation-based

image to 3-D microstructure

transformation from 2-D ftp://ftp.nist.gov/pub/bfrl/bentz/permsolver/

VirtualRCPT

Virtual RCPT test http://ciks.cbt.nist.gov/VirtualRCPT.html

CIKS-Chloride

Chloride penetration
simulation including surface
treatment and/or
scarification and overlay

http://ciks.cbt.nist.gov/~bentz/millandfill/clpenmillandfill.html

Permsolver

3-D Stokes solver for
permeability

ftp://ftp.nist.gov/pub/bfrl/bentz/permsolver/

C-S-H Pores

Cement Paste Level

Resistor analogy on CEMHYD3D
microstructures

Diffusivity a function of w/cm, a, silica fume

Concrete Level

Continuum random walkers in HCSS model
D = <r2/t> * (cement paste fraction)

Aggregate volume fraction and ITZ also

important at this scale 1

Virtual Test Methods
VIRTUAL RAPID CHLORIDE PERMEABILITY TEST

http://ciks.cbt.nist.gov/VirtualRCPT.html

Fig. 1—Summary of multi-scale modeling of conductivity/diffusivity in cement-based materials.
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Fig. 2—Measured versus predicted (virtual) RCPT test results.?? Experimental data taken from Reference 26.
Gray line indicates line of equality, and dark lines indicate +20% of the measured values.
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Fig. 3—Comparison of simulated chloride concentrations of decks with (top) and without (bottom) SIPMFs at 50 mm (2 in.)

cover depth as a function of time of application of surface treatment.?®
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Fig. 4—Comparison of simulated chloride concentrations of decks with (top) and without (bottom) SIPMFs at 50 mm (2 in.)
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Computed properties
(Permeability)

25

Fig. s—Illustration of the process of creating a three-dimensional microstructure for subsequent computation of permeability®:
(a) SEM image showing hexagonal crystals of truscottite. The needle shaped crystals are of xonotlite. Sample cured at 350°C
(662°F) containing 40% by mass of silica flour; (b) binary image used to extract the correlation functions for the 3-D recon-

struction; (c) reconstructed three-dimensional microstructure (100 pixels x 100 pixels x 100 pixels) for which permeability is

computed; and (d) slice of the reconstructed three-dimensional microstructure.
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Fig. 6—Comparison of experimental and simulation values of intrinsic permeability with silica or

alumina additions in hydroceramic samples.s (Note: 1 m? = 10.76 ft>.)
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Fig. 7—Comparison of experimental and simulation values for intrinsic permeability for pervious concretes.* Original
image is 63 by 63 mm (2.5 by 2.5 in.). Experimental values were extracted from the references listed in the legend.3>34
(Note: 1 m?=10.76 ft2.)
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