








ends of the PMMA cells (6 in. by 6 in. (152 mm by
152 mm)), and the surface areas of six (3 · 2) sides of the
PMMA cells (2 in. by 6 in. (51 mm by 152 mm), assuming
that the fourth side of each cell will be resting on a lab
bench and will provide a negligible contribution to the heat
losses). While h will be a function of the temperature differ-
ence between the testing configuration and the local envi-
ronment [25], here instead, a calibration against the
experimental data presented by Feldman et al. [4] that will
be presented later in this paper has resulted in the choice of
h as a constant value of 4 W/(m2 K), except for when the
total charge passed is greater than 8000 �C and h is then
increased to 6 W/(m2 K). In the virtual test method, the
user inputs the final temperature achieved in the test and
the program returns an estimate of the final temperature
calculated by the outlined procedure. The user may then
manually iterate their input value for the final temperature
until convergence is achieved or keep their original selec-
tion. For computing the total charge passed, it is assumed
that the conductivity of the pore solution increases by 2%
for each degree Celsius rise in temperature [5], in reason-
able agreement with the measured initial and final currents
and final temperatures of Feldman et al. [4].

2.4. Computer implementation

The above equations have been implemented in a set of
forms-based HTML documents using the JavaScript script
programming language. The top level of the virtual test
method is available at http://ciks.cbt.nist.gov/Virtual-
RCPT.html. A separate document for estimating the elec-
trical conductivity of the pore solution is available as a
link from this top level or directly at http://ciks.cbt.nist.
gov/poresolncalc.html. Because of the JavaScript imple-
mentation, all calculations are performed on the user’s
local machine. This also means that the user can simply
save the HTML pages from their Internet browser to their
local machine to have local access and/or make modifica-
tions to the underlying programs (coefficients, etc.). It is
expected that as feedback is received from the user commu-
nity, new features and improvements will be added to the
prototype virtual test method.

Portions of the two main screens for estimating total
charge passed and pore solution conductivity are provided
in Figs. 1 and 2, respectively. Once the user provides all of
the necessary information, the Compute button may be
used to perform the virtual test.

Fig. 1. Main page for estimating total charge passed during a virtual RCPT.

D.P. Bentz / Cement & Concrete Composites 29 (2007) 723–731 727



3. Results

3.1. Verification of the virtual test method

Verification consists of determining that the virtual test
method has been built right [26]. To determine that Eqs.
(1)–(16) have been implemented correctly in the HTML
pages, several steps were taken. The written codes were
checked and double-checked to remove typographical
errors, etc. While hand calculations could be performed
to verify that the results produced by the virtual test
method agree with those given in the above equations, in
this case, the equations were implemented in a spreadsheet
and the results of the virtual web-based test method were
verified against the values provided by the spreadsheet(s).

3.2. Validation of the virtual test method

Validation consists of determining that the right virtual
test method has been built [26]. The first part of the virtual
test method to be validated was the computation of the
estimated temperature rise during a C1202 test. A useful
data set for preliminarily performing this validation has
been provided by Feldman et al. [4], who measured the
charge passed and the final testing configuration tempera-

ture for a concrete mixture that had been cured for different
ages (1 week to 68 weeks), using four variants of the C1202
test method in which the testing solutions were varied
(NaCl, NaOH, Ca(OH)2). Their measured results, along
with the predictions of the virtual test method are provided
in Table 2. In most cases, the agreement between measured
values and predicted ones is within 3 �C, which is consid-
ered to be an acceptable agreement.

Fig. 2. Main page for estimating pore solution conductivity within the virtual RCPT.

Table 2
Measured and predicted final temperatures vs. measured charge passed
based on measured data from Ref. [4]

Charge passed
(C)

Measured final
temperature (�C)

Predicted final
temperature (�C)

13,100 85.7 86.1
7475 68.9 67.4
5130 56.0 53.5
2504 38.1 37.8
5726 59.1 57.0
2887 42.1 40.1
10,944 81.7 75.7
6729 66.1 63.0
4892 54.9 52.1
1773 34.5 33.5
3781 44.0 45.5
2118 29.4 35.6
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The computation of the pore solution conductivity has
not been validated beyond that performed in the original
study by Snyder et al. [10], due to a lack of known exper-
imental data sets. Thus, the validation proceeded directly
to the values for total charge passed predicted by the vir-
tual test method. Here, the experimental data sets of Simon
et al. [27] and Feldman et al. [28] were employed. In the for-
mer, RCPT results have been reported for a series of 36
concrete mixtures prepared with various w/c, silica fume
additions, and aggregate volume fractions, to demonstrate
concrete mixture optimization using statistical mixture
design methods [27]. In the quoted reference, no informa-
tion is given on the oxide compositions of the starting
materials, so that a pore solution conductivity of 25 S/m
has been assumed for all of the concrete mixtures, due to

their relatively low w/c. Furthermore, while the results
reported in the reference are for a 42 d RCPT, the same
degree of hydration function as given in Eq. (7) has been
employed to predict the mixtures’ degrees of hydration.
A graph comparing the measured and ‘‘predicted’’ values
for total charge passed for these 36 mixtures is provided
in Fig. 3. On average, the predicted values are within
22% of the measured values, a reasonable agreement con-
sidering that a single value was assumed for the pore solu-
tion conductivity of all of the mixtures and that the quoted
single-operator precision of the C1202 test method states
that ‘‘two properly conducted tests by the same operator
on concrete samples from the same batch and of the same
diameter should not differ by more than 42%’’ [2].

The mixtures of Feldman et al. [28], were also utilized as
input into the virtual test method. In this case, the alkali
contents of the various binder materials were reported in
the reference and were directly utilized in the HTML page
for estimating pore solution conductivity. Lacking any
specific information from the reference, an air content of
zero was assumed and the degree of hydration was basi-
cally adjusted (as indicated in Table 3) to ‘‘calibrate’’ the
virtual prediction to the experimental measurements. The
obtained results are provided in Table 3 that indicates the
mixtures evaluated, the age at testing, the measured RCPT
total charge passed, and the predicted values for the pore
solution conductivity, total charge passed, and final testing
configuration temperature. The assumed degree of hydra-
tion has a significant influence on the predicted total charge
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Fig. 3. Measured vs. predicted (virtual) RCPT results. Experimental data
taken from Ref. [27]. Grey line indicates line of equality and dark lines
indicate ±20% of the measured values.

Table 3
Measured and predicted RCPT results based on measured data from Ref. [28]

Sample Mixture
proportions

Age
(d)

Measured
charge passed
(C)

Predicted
charge passed
(C)

Estimated
rporesoln (S/m)

Assumed degree of
hydration of binder

Predicted final
temperature (�C)

Shotcrete type I cem 7%
fume (accelerator)

1:3.8:0.8:0.44a 150 1815 2030 9.6 0.72 35.0

Shotcrete type I cem 7%
fume

1:3.8:0.8:0.44 150 1964 2030 9.6 0.72 35.0

Concrete type V cem 1:2.0:3.0:0.4 3 5378 5613 20.5 0.62 56.1
Concrete type V cem 1:2.0:3.0:0.4 28 2598 2815 21.6 0.72 39.6
Concrete type I cem 1:2.0:3.0:0.5 7 9682 9961 10.6 0.85 70.8
Concrete type I cem 1:2.0:3.0:0.5 56 5953 6002 10.8 0.89 58.5
Concrete type I cem 1:2.0:3.0:0.5 196 4328 3974 10.9 0.92 46.5
Concrete type I cem 1:2.0:3.0:0.5 476 1569 1705 11.3 0.99 33.1
Concrete type I cem 58%

fly ash
1:2.0:3.0:0.32 28 663 608 35.8 0.58 26.6

Concrete type I cem 45%
slag 3% fume

1:2.0:3.0:0.4 3 3552 3659 6.1 0.51 44.6

Concrete type I cem 45%
slag 3% fume

1:2.0:3.0:0.4 28 522 556 6.8 0.7 26.3

Concrete type I cem 65%
slag 3% fume

1:2.0:3.0:0.4 3 4405 2257 4.0 0.51 36.3

Concrete type I cem 65%
slag 3% fume

1:2.0:3.0:0.4 28 356 359 4.4 0.7 25.1

Type I cem 75% slag 3%
fume

1:2.0:3.0:0.4 3 3013 1527 2.8 0.51 32.0

Type I cem 75% slag 3%
fume

1:2.0:3.0:0.4 28 262 253 3.1 0.7 24.5

a Mixture proportions: binder:fine aggregate:coarse aggregate: w/c as from [28].
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passed in the virtual test, and while the values in Table 3
basically seem reasonable for the mixtures listed, this ‘‘cal-
ibration’’ is far from the ideal situation where the degree of
hydration would have been measured using scanning elec-
tron microscopy [17] or other analytical techniques. Even
with this calibration procedure, the data in Table 3 pro-
vides some interesting insights. For example, for the mix-
tures with the slag, the three predicted values for the 28 d
RCPT are all within 7% of the corresponding experimental
value, but the decrease seen with increasing slag contents is
seen to be more an effect of a reduction in the pore solution
conductivity than in the formation factor (assuming the
same degree of hydration for all three systems). This high-
lights one of the known shortcomings of the RCPT, namely
that the results are influenced both by the microstructure’s
formation factor (or transport coefficient) and by the elec-
trical conductivity of the pore solution. This is mentioned
specifically in the existing standard [2] with regards to the
addition of calcium nitrate admixtures to the concrete mix-
tures. For the different mixtures in Table 3, the predicted
pore solution conductivity is seen to vary over one order
of magnitude; such variability would directly translate into
one order of magnitude variation in the RCPT total charge
passed. To give a specific example, a concrete with the same
underlying microstructure and same inherent resistance to
chloride ion penetration could exhibit an RCPT total
charge passed of either 500 or 5000 depending on whether
it contains a low-alkali or a high-alkali cement (itious
binder).

4. Summary and prospectus

A first generation virtual RCPT has been presented and
verified against several existing experimental data sets.
Many engineering assumptions have been made in the
development of this first generation virtual RCPT and it
is thus seen as only a beginning in what will hopefully
prove to be a fruitful path in the development of virtual
standards for the cement and concrete community. A vir-
tual standard is quite similar to a conventional standard
but is based on a virtual measurement as opposed to a
physical one [6]. It is emphasized once more that the soft-
ware has been developed in such a manner that it is down-
loadable to each user’s individual PC, where they are free
to modify it and investigate variations/extensions as they
see fit.
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