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Uncertainty of Models for Modulus of Elasticity of

Concrete in Colombian Code
by Albert R. Ortiz and Julian Carrillo

The modulus of elasticity of concrete is typically estimated using
numerical models that consider factors such as the compres-
sive strength of the concrete, aggregate properties, unit weight
of concrete, and water-cement ratio. The most-used equation
depends on the relationship between the compressive strength of
the concrete and its modulus of elasticity. However, this simpli-
fied formula may provide an inaccurate estimate of the modulus
of elasticity of concrete containing different types of aggregates
under varying loading conditions. More sophisticated models can
be used to accurately estimate the modulus of elasticity for specific
applications, such as expressions involving the unit weight of
concrete. This study presents a probabilistic update to the expres-
sions used for estimating the modulus of elasticity of concrete
based on an extensive database of over 2600 experimental tests
from 20 different studies. Bayesian inference was used to update
the currently proposed models, allowing for the determination of
the expressions representing the trends of the current database
along with their associated uncertainties. The updated expressions
were formulated considering either the compressive strength of
concrete or both the compressive strength and the unit weight as
input parameters. Expressions for estimating the modulus of elas-
ticity, considering the aggregate’s origin, were also updated. This
comprehensive approach enhances the accuracy and reliability of
predicting the modulus of elasticity, providing valuable insights
and tools for concrete structures’ design and structural reliability
analysis.

Keywords: aggregates; Bayesian model updating; modulus of elasticity;
uncertainty quantification.

INTRODUCTION

The modulus of elasticity of concrete (£,) represents a key
parameter for estimating the response of reinforced concrete
(RC) structures because it strongly influences the struc-
ture’s flexibility for serviceability and ultimate limit states.'
Concrete is a heterogeneous material; therefore, its mechan-
ical properties depend on many factors, such as aggregate
type, water-cement ratio, curing process, and constituent
material proportions, which may change with age. There-
fore, the heterogeneity of concrete affects the modulus of
elasticity, making it harder to provide a constant or unique
value during any construction stage of a structure.

The estimation of E. is typically derived from other
concrete parameters defined in the design stage, which are
practical to define, even though they may not be highly
correlated.? Codes and guidelines from the American
Concrete Institute (ACI),> Eurocode (European Committee
for Standardization),* and others (Asociacién Colombiana
de Ingenierfa Sismica)’ prescribe different equations to
obtain the values of £, as functions of compressive strength

ACI Materials Journal/March 2025

/.’ and concrete unit weight w.. Materials’ nominal or spec-
ified mechanical properties are required for code-based
design and the structural analysis of RC buildings. There-
fore, a design tool consists of deriving other concrete param-
eters as functions of these properties used in the design
stage. In the case of concrete materials, the high variability
in the modulus of elasticity is of great importance because
it influences the stiffness and corresponding deformations of
structures. Traditionally, the estimation of £, follows a deter-
ministic approach, considering single values of random vari-
ables such as the maximum concrete compressive strength,
unit weight, and type of coarse aggregates.

Uncertainty quantification of the expressions used in
structural engineering is essential for estimating the struc-
tures’ safety. However, previously published studies have
not deeply assessed the error in estimating key parame-
ters such as E,.. These studies have been primarily focused
on updating the expression as a function of experimental
data sets and finding an optimal value. Other studies have
included new parameters such as porosity, curing history,
or chemical components of the cement.®!" For example, E.
strongly affects the lateral displacements or story drifts and
may motivate changes in the lateral resistance system of the
building, mainly in countries with high seismic demands.'?
In other types of structures different from buildings, such as
railroad ties, studying the concrete modulus of elasticity is
essential in terms of durability.'?

In 2010, the current Colombian building code for
earthquake-resistance construction (NSR-10°) introduced
a new set of equations following the functional form of
ACI 318-19.3 The constants of these equations were updated
by a local study in 1994 by Farias,'* which used 180 samples
from the Bogota region. From 1994 to today, experimental
data from new studies of the concrete modulus of elasticity
propose different values of these constants. These studies
came from different country regions and used diverse data
analysis methodologies. The variability in construction
methods and tests affects a generalization model of the
modulus, even when the available data of these studies offer
a more extensive and varied sample than that used in the
equations currently proposed in NSR-10. Because of the
variability in tests and methodologies, this study presents a
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general model to estimate the modulus of elasticity of the
concrete involving Bayesian statistical analysis methods.

The paper has four sections. The following section (“Models
for Predicting Modulus of Elasticity of Concrete”) discusses
the models behind the calculus of the £, under different mate-
rial parameters proposed by different codes worldwide. This
section also introduces two models for updating E,. based
on the current trends from experimental data. The section
“Bayesian Model Updating” presents a background of the
methodology for updating the models. This methodology
is based on Bayesian inference (BI), the results of which,
beyond a maximum likelihood, present the posterior distribu-
tion of the updated constants and the model’s standard devi-
ation. The “Database” section presents the posterior distri-
bution of the updated parameters and proposes new models
for estimating the E. based on the total samples. Finally, the
section “Results and Discussion” presents an overview of the
paper and remarks on some critical conclusions regarding the
calculus and uncertainties of the E,.

RESEARCH SIGNIFICANCE

Traditionally, studies for estimating E. focus on opti-
mizing model parameters beyond quantifying distributions.
Using Bayesian statistical analysis, this paper presents and
discusses the quantification of uncertainty in expressions
used to estimate the modulus of elasticity of concrete in
Colombia. These equations may serve as tools for updating
the new version of the building code for earthquake-resistant
concrete structures in Colombia.

MODELS FOR PREDICTING MODULUS OF
ELASTICITY OF CONCRETE

Design codes worldwide prescribe the parameters to be
used for predicting the behavior of concrete structures.
Codes proposed by Eurocode and ACI are among the most
common and serve as references for other design codes in
other regions of the world, such as Colombia.'® Parameter
specifications at the design stage are difficult to predict
because there are no experimental data, and all information
relies on models. In particular, for concrete, most parameters
rely on the most common and known specified parameters,
such as the maximum compressive strength, and in other
cases, adding a second parameter related to the unit weight
of the concrete.

The modulus of elasticity of concrete is defined in
ACI 318 based on the work of Pauw in 1960.° The modulus
is defined as the slope of the line drawn from zero stress
to a compressive stress of 45% of the compressive strength
and is also called the secant modulus. This value tries to
approximate the elastic behavior of the material following a
typical linear strain-stress relationship. The secant modulus
diverges from the tangent modulus, which may also be used
in the concrete industry when high strengths are considered
and highly nonlinear effects may occur. Models for esti-
mating the concrete’s secant modulus of elasticity have been
proposed by several authors in the last century and adopted
from codes, considering the simplicity and preventing labo-
rious experimental testing. A list of 11 equations proposed in
the literature was introduced by Puttbach et al.! They all rely

4

Table 1—Values of proportional constants
reported in NSR-10, MPa

Origin of aggregate ky I
Igneous 5500 0.047
Metamorphic 4700 0.041
Sedimentary 3600 0.031
Without distinguishing 3900 0.031

on the £;'; however, the error, or how uncertain the equations
are, is not presented.

The relationship between the modulus of elasticity of
concrete (E.) and the maximum compressive strength of
concrete (f.") is commonly expressed as proportional to the
square root of the latter, as shown in Eq. (1). For reference
purposes, this model will be called Model 1. Because the
modulus of elasticity of lightweight aggregate concrete
may be considerably lower than the values of normalweight
concrete of comparable compressive strength, Pauw® also
proposed that the modulus of elasticity can also be calcu-
lated considering the unit weight of concrete w,, with an
additional parameter corresponding to the cubic root of the
density squared, as shown in Eq. (2). This model will be
called Model 2. In both models, the terms k; and &, corre-
spond to adjustment factors that vary according to the manu-
facturing conditions and characteristics of the aggregates, so
it is common to find differences between regions or countries

E. = knlfY (1)

E. = whi\f/ )

For the case of Colombia, the local code (NSR-10)
proposes the value of &y = 3900 for Eq. (1) and &, = 0.034
for Eq. (2). These constants’ values are applied when units
of E. and f;’ are MPa. When the origin of the coarse aggre-
gate is discriminated, NSR-10 prescribes different values of
the proportional constants k; and k,. Table 1 summarizes the
values reported in Section 8.5 of Section C of NSR-10.

BAYESIAN MODEL UPDATING

Beck and Katafygiotis'® and Jaynes!” explain specific
concepts to understand the BI methodology applied in this
study. Uncertainty in modeling intricate systems can be
categorized as either epistemic or aleatory. Epistemic uncer-
tainty arises from a lack of knowledge and can be reduced
through enhanced data and modeling techniques, while alea-
tory uncertainty stems from inherent variability or random-
ness and is irreducible. Hence, implementing Bl in structural
models aims to diminish epistemic error. BI is founded on
Bayes’ theorem,'® which is defined as follows

P(B|A) - P(4)

PUIB) = == 3)

where the term P(A|B) represents the probability of the
occurrence of an event A given that event B has occurred.
In this context, Bayes’ theorem is rooted in the fundamental
principle where the laws of probability guide rational
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belief. Within BI, probabilities represent degrees of belief
rather than frequencies or long-term averages. This meth-
odology offers a framework for updating beliefs as more
experimental evidence or information becomes available,
starting with prior beliefs and using Bayes’ rule to derive
a posterior probability distribution. Therefore, BI provides
a flexible approach for complex modeling through data and
inference. '

Bayesian methods have been extensively used in engi-
neering for model updating and uncertainty quantification
due to their capability to handle various challenges, such
as missing data, hierarchical structures, nonlinear relation-
ships, and model uncertainty.?’? BI, in particular, offers a
flexible and robust statistical modeling approach, making
it well-suited for complex engineering problems. The most
common form of Bayes’ theorem in this context can be
expressed as

P(D|0.M) - PO M)
T @

P(O|D,M)) =

where P(6|D, M;) represents the posterior probability density
function (PDF) of the parameter vector ¢ for the model M,
given the observation D; P(0|M;) denotes the prior proba-
bility distribution, representing the initial belief regarding
the parameters; P(D|0, M;) is the likelihood of observing
evidence D given the parameters ¢ evaluated in the model
M;; and the model evidence P(D) acts as a normalizing
constant, ensuring the posterior distribution integrates into
one. Specifically, the term M, represents any of the models
described through Eq. (1) and (2) (j = 1 or j = 2) (recall
that k; and k; are tuning parameters and are associated with
Model 1 and Model 2, respectively). D represents the obser-
vations (that is, experimental data) used to update the model.

In the context of BI, the marginal likelihood becomes
more complex as the number of model parameters and data
points increases, resulting in computational challenges. The
complexity of the likelihood function used in the model can
also impact the marginal likelihood. As it does not affect
the shape of the posterior distribution, it is common to
work with the unnormalized posterior distribution, which is
proportional to the product of the prior distribution and the
likelihood function.?

P(0|D,M)) & P(D[6,Mj) - P(6|M]) )

Likelihood function definition

In the context of BI, the likelihood function is a crucial
component that represents the probability of observing a
specific data set given a set of model parameters. A proba-
bilistic relationship between the model predictions and the
experimental data must be assumed to formulate the likeli-
hood function, accounting for both aleatory and epistemic
uncertainty.?> Different prediction error equations may be
used for each parameter type depending on the data’s charac-
teristics. The likelihood function, typically characterized by
a normal distribution, accommodates multiple observations
of the same structure and comprehensively characterizes the

ACI Materials Journal/March 2025

associated errors beyond the updated parameters. Thus, the
likelihood function ¢(x) is defined as follows

P
2

b = (57)" IS B e ©)

where 1 and x represent the experimental and model data,
respectively. The likelihood function reaches its maximum
value when the vector x equals the vector . p is the dimen-
sion of the normal distribution. The weight matrix /¥ assigns
different values to the obtained information from the tests,
providing relative importance to different parts of the model
or measurement data. The weight matrix can reflect confi-
dence levels in different parts of the data or measurement
accuracy levels. Therefore, the Bayesian model updating
approach enables a more robust estimation of the model
parameters by considering the weight matrix, measure-
ments, and information.

In the context of the updating process proposed in this
work, the likelihood function allows for estimating uncer-
tainty in the model. As there is only one type of observation,
all observations of the modulus of elasticity are organized
into a vector of size n X 2, where n represents the number
of tests (n = 2618), and the columns represent the specified
and measured values of £’ and E,, respectively. Therefore,
the likelihood takes the form of a normal distribution with
dimension p = 1, as shown in Eq. (7). The standard deviation
of the likelihood, denoted as o in Eq. (7), is a parameter to be
updated. This implies that the parameters being updated are
6 = (ky, o) for Model 1 and 6 = (k, o) for Model 2.

1 o’
fx) = We 207 (7)
DATABASE

A total of 22 studies carried out in Colombia were iden-
tified to provide original experimental data on the modulus
of elasticity of concrete. Using original data is essential
as the analysis relies on data directly obtained from these
experimental sources rather than relying on factors derived
from other authors. The studies used to obtain experimental
information for this analysis are summarized in Table 2.2647
Furthermore, Fig. 1 shows the relationship between the
secant modulus of elasticity of concrete and the compressive
strength, considering variations related to the source of the
aggregates.

As shown in Table 2, data come from 11 different states in
the country, including the major cities of Bogota, Cali, and
Barranquilla. Figure 2 shows a continental map of Colombia
with the space distribution of samples. Regions with more
samples are Bogota, Santander, Tolima, and Valle del Cauca.

The functions found in the literature for calculating E.
are proportional to the square or cubic root of the maximum
compressive strength of concrete. However, there is no
substantial change in the correlation factor of the expression
and the data when a linear, square, or cubic approximation
obtains the modulus. For example, a poor correlation factor
is seen in other expressions, such as those adopted by Euro-
code, which used parameters proportional to the cubic root



Table 2—Documents used as source of original
data for estimating E.

Year Authors City/Origin Data
1987 Cajas and Hernandez?® Bogoté/unreported 77
1991 Roa?’ Bogota/sedimentary 348
1992 Farias?® Bogota/sedimentary 180
1993 Moya? Cali/sedimentary 47
1993 Vésquez and Barbosa \r/rilel;\;rilco?;l):i(:;/ 60
1993 Valencia and Murcia®' Cali/igneous 100
1993 PadréGr;;aerx:l:;;l ests Cartagena/sedimentary | 88
1993 | Padilla José Antonio et al.*? Bogota/sedimentary 532
1993 Campos®* Ibagué/sedimentary 139
1993 Salas and Cabrales® Monteria/sedimentary 69
1994 Valdez* Barranquilla/ 80
sedimentary
1994 Cuervo?’ Tunja/sedimentary 100
1994 Albén and Serrano™ Bucaramanga/ 240
sedimentary
1994 Silva® Neiva/igneous 99
1994 Pimienta* Valledupar/igneous 69
1994 Barreto*! Guamo/sedimentary 124
2001 Montejo and Lopez*? Cali/igneous 35
2001 Luna and Sandino® Cali/igneous 34
2006 La Rosa and Dede* :;T;;?;Il:?c/: 65
2012 Barragén®s Bucaramanga/ 30
unreported
2015 Murcia* Bogotad/unreported 60
2016 Pineda*’ Bogota/sedimentary 42

of the f.'. Figure 3 shows the E. samples collected in this

study plotted against £/, \7/, and \/f/. If a linear relation-
ship is assumed between E. and f., the correlation coeffi-
cient is 0.40. When the relationship between those param-

eters is transformed to the square root (\/f,'), the correlation
increases to 0.42. If the cubic root is used instead, the
correlation factor moves to 0.43. Beyond this discussion, the
model used in this work follows the form proportional to the

square root of maximum compressive strength (\£).

RESULTS AND DISCUSSION

The models presented in Eq. (1) and (2) were adjusted
using the Bayes model updating methodology described
earlier. The updating process described previously was
implemented in the PyMC library of Python, which allows
users to build Bayesian models and fit them using Markov
chain Monte Carlo methods.*® The prior distributions are
defined as non-informative priors, with the initial value of
the chain equal to the value defined by the Colombian Code,
as specified in Table 1. The posterior distributions were
sampled using the importance sampling algorithm, a Markov

10 20 30 40 50
£ (MPa)

Fig. I—Concrete modulus of elasticity (E.) and compressive
strength (t.') for samples by source.

0, o0

0, 100
@ 100, 250
@ 250, 500
@ 500, 1500

Fig. 2—Number of experimental samples per state in
Colombia.

chain Monte Carlo used in Bayesian analysis. A thousand
realizations were enough for the chain to reach convergence,
which was checked using the Geweke algorithm, also imple-
mented in PyMC.

The updating process was divided into categories by
aggregate origin. Each category characterizes the PDF for
the constant k;, which is obtained for the model involving
only the maximum compressive strength, and k,, which is
obtained for the models that include the unit weight of the
concrete and its maximum compressive strength. Along with
the PDF of these constants, a posterior PDF of the standard
deviation of the likelihood is also introduced. This value
describes the standard deviation of the model based on the
experimental data used during the updating process. Ulti-
mately, all samples are combined to propose a general PDF

ACI Materials Journal/March 2025
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Fig. 3—Relationship between E. and f.' for all samples used in this study: (a) E., £.'E., and square root of t.'; and (b) E. and

cubic root of f.".

for &, and k, and a PDF for the model error disregarding the
aggregate’s origin.

Results by aggregate’s origin

Igneous—The updating process of the E. model based
on Models 1 and 2 involved 337 samples, corresponding to
12.81% of the total samples obtained in this study. Figure 4
shows the results of the updating process for Model 1.
Figure 5 shows the PDF of k, and ok,, respectively, when
the unit weight of the concrete is considered. The figures
present the posterior distribution of the parameters and the
95% high-density interval (HDI). The 95% HDI is the range
of values containing 95% of the total mass, where all points
within the interval have a higher probability density than
those outside.

Sedimentary—The updating process for the expression
used to calculate the E, of sedimentary aggregates involved
2225 samples, which accounted for 84.6% of the total
samples obtained in this study. The results of the updating
process for Model 1, which solely relies on the maximum
compressive strength of concrete to estimate the E,, are
illustrated in Fig. 6(a) and (b). Figures 7(a) and (b) present
the posterior PDFs of k, and ok,, respectively, when the unit
weight of the concrete is considered.

Metamorphic—In the process of updating the expression
used to calculate the E. of metamorphic aggregates, a total
of 115 samples were involved, representing 5.16% of all the
samples obtained in this study. The results of this updating
process, specifically for Model 1, which exclusively uses the
maximum compressive strength of concrete to estimate the
E,, are visualized in Fig. 8(a) and (b). Results including the
unit weight of concrete, involved in updating Model 2, are
presented in Fig. 9(a) and (b).

ACI Materials Journal/March 2025

Results without distinction of aggregate origin

The samples introduced in Table 2 were updated using
BI, disregarding the aggregate’s origin. The use of a general
expression without this aggregate’s differentiation is popular
at the design stage when suppliers of concrete are unknown
and therefore the aggregate’s origin is unspecified. The
parameters k| and ok, are presented in Fig. 10(a) and (b). The
updating process was also performed for Model 2, including
the unit weight of concrete. Figures 11(a) and (b) present
the posterior distributions for the model involving w, and f;.".

Table 3 summarizes the previous results and shows the
standard deviation obtained for the model involving each
aggregate type. The table includes the values of the 94%
confidence interval and the mean value. The table shows
that all the posteriors fit normal distributions; therefore, the
maximum a posteriori (MAP) value is near the results’ mean
value. It is also shown in the table that the standard devia-
tion o of general expressions without introducing aggregates
produces a MAP of 5637 and 5462 MPa for Models 1 and
2, respectively. These o values correspond to a coefficient of
variation of 24.2% and 24.0%, respectively, when concrete
with /.’ =28 MPa is used. In contrast, the coefficient of varia-
tion for models involving aggregate origin ranges from 16.6
to 21.8%. Equations (8) and (9) present the MAP value of
constants k; and k; in the probabilistic general expressions
without aggregate differentiation.

E.~N(u = 4402+, ¢ = 5637) (8)

E.~N(u = wl30.039\f, 0 = 5461) )

Compared to the current regulation, the values found in
this study are slightly higher than those prescribed in the
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Table 3—Summary of constants found for different aggregates

Model 94% confidence interval of £, 94% confidence interval of
parameters Aggregate k constant, MPa’? MPa’? o, MPa o, MPa
1! 4402 [4356, 4448] 5637 [5494, 5777]
All
L we 0.039 [0.039, 0.04] 5461 [5309, 5597]
1! 6002 [5865, 6134] 5779 [5358, 6199]
Igneous
1o we 0.051 [0.049, 0.052] 5976 [5530, 6388]
1! 4122 [4078, 4166] 4767 [4634, 4905]
Sedimentary
S we 0.037 [0.037, 0.038] 4636 [4502, 4773]
1! 4994 [4749, 5247] 5571 [4860, 6272]
Metamorphic
1 we 0.051 [0.049, 0.054] 4947 [4097, 5846]

Table 4—Comparison of constants found in this study to current Colombian specification

Model parameters Aggregate MAP, MPa’? NSR-10 current value, MPa®> % increase to NSR-10
1! 4402 3900 4.6
All
L We 0.039 0.034 14.7
S 6002 5500 9.1
Igneous
Sy we 0.051 0.047 8.5
A 4122 3600 14.5
Sedimentary
S we 0.037 0.031 19.4
Je' 4994 4700 6.3
Metamorphic
Sy we 0.051 0.041 24.4

current Colombian Code specifications. However, these
values are still lower than the value prescribed by ACI in
its current specification, where the constant’s value is 4700.
Table 4 compares the values found in this study with the
current building codes and the percentage increment in the
proposed values.

For the general expression without aggregate distinction
(Model 1), Fig. 12 to 14 present the posterior predictive check
of the updated models. The figures present the simulation of
the variability of the E, taking into account the k; constant
and the deviation o of the model. The figures were obtained
using three commercial concrete compressive strengths of
21, 28, and 35 MPa. The figures include the deterministic
modulus calculated using expressions from ACI 318-19 and
NSR-10. In all compressive strength scenarios, the 95%
confidence intervals range from 10,000 to 35,000 MPa,
which shows the need to understand the uncertainty beyond
a deterministic value of the modulus.

CONCLUSIONS

In this work, Bayesian inference (BI) was applied to
estimate the uncertainty in the models used to describe the
modulus of elasticity of concrete. The analysis focused
on studying the variation in the modulus of elasticity of
concrete as a function of the concrete’s compressive strength
and weight and the coarse aggregate’s origin. The analysis
included studies from 1987 to 2016, comprising a total of
2618 samples taken in several cities of Colombia (Barran-
quilla, Villavicencio, Cali, Tunja, Cartagena, Bucaramanga,
Bogota, Neiva, Valledupar, Ibagué¢, Monteria, Guamo, and
Santa Marta).

10

In the general expression of the modulus of elasticity as
a function of the concrete strength, the constant &, yields
a symmetrical distribution with an average and maximum
a posteriori (MAP) value of 4402 (in terms of MPa). When
the unit weight is included in the equation (as in Eq. (2),
k,), the k, constant yields 0.039. Both values are higher than
those proposed by NSR-10 but lower than those proposed by
ACI 318-19. In both cases, the coefficient of variation yields
approximately 25%.

Coarse aggregates affect the MAP of constants &, and ;.
In all three cases, aggregates from igneous origin provided
a high stiffness in concrete, increasing the constant value to
6002. Otherwise, aggregates from sedimentary origin (k; =
4121) provide less-rigid concrete and a lower modulus of
elasticity than metamorphic (k; = 4994) and igneous aggre-
gates. The uncertainties associated with the expressions
involving a specific aggregate’s origin are lower than when
using a general equation without that differentiation. It
means that information regarding the aggregate’s origin may
reduce the uncertainty in the expressions used to estimate
the concrete modulus by roughly 20%.

Including the concrete’s unit weight fails in reducing
the uncertainty in the expression (Eq. (2)) and produces
almost the same standard deviation. This study focused on
normalweight concrete from samples varying from 1510
to 3178 kgf/m?; however, 90% of data have unit weights
ranging from 2382 to 2540 kgf/m®. The use of Model 2
in lightweight concrete must still be revised in detail for
concrete outside the study’s range.

Including the variability in concrete allows for estimating
more realistic scenarios of the mechanical behavior of

ACI Materials Journal/March 2025
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Fig. 13—Probability density function of modulus of elasticity for f.' = 28 MPa without distinction of aggregates or unit weight.
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concrete structures. The information proposed in this study
could suit an extensive program for reliability analysis of
structures in Colombia, leading to updating design factors
and avoiding using imported factors from different latitudes
that may not reproduce the behavior of Colombian materials.
The proposed equations have been developed to be included
in conventional force-based design, performance-based
seismic design, and probabilistic risk assessment. Finally,
the outcome of this research could contribute to developing
more accurate models and guidelines for improving current
provisions by adopting the equations proposed herein.
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Split Tensile Behavior of Recycled Steel Fiber-Reinforced

Concrete

by T. Asheghi Mehmandari, M. Shokouhian, M. Imani, K. F. Tee, and A. Fahimifar

This study investigates the behavior of recycled steel fibers (RSFs)
recovered from waste tires and industrial hooked-end steel fibers
(ISF) in two single and hybrid reinforcement types with different
volume content, incorporating microstructural and macrostruc-
tural analyses. Scanning electron microscopy (SEM) is used to
study the microstructure and fractures, focusing on crack initiation
in the fiber interface transition zone (FITZ). The macrostructural
analysis involves using digital image correlation (DIC) software,
Ncorr, to analyze the split tensile behavior of plain and fiber-
reinforced concrete (FRC) specimens, calculating strain distri-
bution and investigating crack initiation and propagation. The
SEM study reveals that, due to the presence of hooked ends, indus-
trial fibers promoted improved mechanical interlocking; created
anchors within the matrix, added frictional resistance during crack
propagation; significantly improved load transfer; and had better
bonding, crack bridging, and crack deflection than recycled fibers.
RSFs significantly delay crack initiation and enhance strength in
the pre-peak zone. The study suggests hybridizing recycled fibers
from automobile tires with industrial fibers as an optimum strategy
for improving tensile performance and using environmentally
friendly materials in FRC.
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INTRODUCTION

Concrete is widely recognized as the most popular
construction material on a global scale. The exponential rise
in the use of concrete can be attributed to the expansion of
infrastructure projects and the corresponding expansion of
the population.! One of the main disadvantages of concrete
is its relatively low tensile strength compared to its compres-
sive strength. This observation suggests that concrete exhibits
a tendency to crack and fail when subjected to tensile stress,
while demonstrating resilience against compression. For the
past 30 years, experimental and computational evidence has
shown that fiber-reinforced concrete (FRC) improves rein-
forced concrete (RC) constructions. Energy-absorbing FRC
weighs more than normal concrete. Continuous aligned
fibers? and randomly oriented short fibers®* have improved
cementitious material’s brittle tensile qualities in academic
studies. Annually, simple cement-based composites need
60 million tons of fibers.’ Using waste-based fibers not only
reduces environmental impacts, but also lowers construc-
tion costs. Numerous studies have been conducted to eval-
uate the viability of incorporating waste materials derived
from diverse sources into concrete.®!° In this context, it has
been observed that recycled steel fibers (RSFs) derived from
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automobile tires have demonstrated a significant enhance-
ment in the mechanical characteristics and impact resistance
of reinforced mixture compositions. This increase can be
attributed to the rehardening ability of RSFs under stress, as
evidenced by Caggiano et al.'"'?> and Martinelli et al.'> The
significant environmental advantages of recycled tire steel
fiber (RTSF) are supported by empirical evidence from life
cycle assessment (LCA) studies,'* which indicate that the
manufacturing process of RTSF consumes approximately
5% of the energy required for producing conventional
industrial steel fibers (ISFs). Therefore, the use of RSFs
obtained from tires for reinforcing concrete not only leads
to a reduction in construction expenses and adverse environ-
mental effects but also provides substantial enhancements
in the tensile behavior of plain concrete. The use of fiber
hybridization has been identified as an effective method for
enhancing the performance of concrete in comparison to the
use of a single fiber type or size."!® This occurs because
of the well-mixed design and selection of fibers. Further-
more, understanding crack initiation and propagation in
construction materials is directly linked to the effectiveness
of fiber hybridization in enhancing concrete performance.
Understanding the processes by which cracks initiate and
propagate in construction materials is crucial for ensuring
the structural stability and long-term resilience of various
infrastructures.'*2

Microcracks play a crucial role in the initiation of crack
formation, demonstrating the capacity to undergo fast
expansion during seismic events or gradual growth over an
extended period. It is worth mentioning that even cracks
leading to sudden structural failure arise from these micro-
scopic cracks. Moreover, the process of crack expansion
indicates a continuous progression, whereby a minuscule
microcrack that is first undetectable progressively transforms
into a significant crack, possessing the potential to do exten-
sive harm to structures of considerable magnitude.'*?'-> The
conventional belief suggests that the initiation of cracks in
concrete commonly occurs at the interface where aggregates
and the cement paste meet. Indeed, the separation of aggre-
gates from the cement paste frequently occurs prior to their
actual fragmentation.?® The interfacial transition zone (ITZ)
is a spatial region situated at a distance of approximately
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30 to 50 um from aggregates. The presence of a signifi-
cant number of microcracks in this particular zone neces-
sitates the implementation of measures to effectively delay
the detachment between the cement paste and aggregates.?’
The fiber interface transition zone (FITZ) is a strip present
in FRC, roughly 30 pm wide, surrounding the fibers.?’ The
present region is prone to the occurrence of separating
between the concrete matrix and the steel fibers, which may
occur prior to the failure of the material. The FITZ plays
a crucial role in the study of microcracks that form at the
interface between fibers and surrounding concrete material.
Acquiring a thorough comprehension of this region holds
considerable significance in the field of FRC research,
because the occurrence of fracture formation inside the FITZ
frequently leads to concrete failures and subsequent elimi-
nation of fibers.?3° Scanning electron microscopy (SEM)
is employed for the examination of the microstructure and
morphology of the ITZ and FITZ in FRC. It offers valuable
insights into the bond quality, porosity, and interface prop-
erties among aggregate particles, fibers, and cement paste,
hence enhancing comprehension of the performance of FRC.
The principal role of fibers is to serve as structural compo-
nents that span over cracks and redirect the concentrated
tensile stresses, which have the potential to cause cracking
in concrete toward alternative regions within the composite
material. As a consequence, there is a greater frequency and
distribution of fracture, which is visually distinguished by
improved ductility and a higher quantity of smaller cracks
within the composite material. The deformation mechanism
of a fiber is dependent upon the bond between the fiber and
the matrix. This mechanism can manifest in two ways: the
fiber being pulled out from the matrix or, less frequently,
the fiber experiencing rupture.?! To obtain a comprehensive
understanding of plain and FRC specimens’ tensile behavior,
it is imperative to examine it from a fracture mechanical
perspective. Consequently, in this study, the split tensile
test for concrete was thoroughly evaluated, with a primary
focus on fracture mechanics principles. To ensure accurate
analysis of crack initiation and propagation during the test,
digital image correlation (DIC) technology was employed.
DIC technology offers a non-contact, full-field measurement
approach, enabling precise tracking and analysis of surface
deformations and crack development in brittle materials.32-34
By capturing high-resolution images during the split tensile
test, DIC algorithms effectively correlated displacement and
strain fields between consecutive frames, facilitating accu-
rate crack detection and monitoring. The use of DIC in this
study aimed to offer comprehensive insights into crack initi-
ation and propagation, encompassing vital parameters such
as crack opening, crack length, and strain evolution. These
parameters hold significant importance in gaining insights
into the failure mechanisms of brittle materials subjected to
tensile loading.

RESEARCH SIGNIFICANCE
This study investigates the split tensile behavior of
concrete reinforced with a hybrid mixture of recycled and
industrial steel fibers. Using DIC technology, it examines
crack initiation and propagation under the split tensile test,
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Table 1—Chemical, physical, and mechanical
properties of cement used

CaO 63.7%
Free CaO 1.19%
SiO, 20.46%
ALOs 5.57%
Fe,05 3.65%
;};;r:r‘fli MgO 1.32%
SO, 1.84%
KO 0.32%
Na,O 0.49%
IR 0.46%
LOI 0.95%
Initial setting time 195 min
Final setting time 230 min
Physical properties Specific gravity 3.05 g/em?
Belin number 2580 cm?/g
Passing of 45 pm sieve 88.32%
Compressive After 7 days 50.6
strength, MPa After 28 days 61.6

Note: LOI is loss on ignition; IR is insoluble residue.

enhancing understanding of crack behavior and failure mech-
anisms. The dual-level analysis of microstructural properties
and macroscopic performance aims to improve material split
tensile strength and sustainability. The findings highlight the
practical application of hybrid FRC for eco-friendly, cost-
effective construction solutions. This research contributes
to FRC development, providing insights into creating resil-
ient and sustainable infrastructure and optimizing material
properties.

EXPERIMENTAL INVESTIGATION

Material properties

The present investigation employed portland cement as the
primary material, using CEM I 52.5 N,** which was manu-
factured by a cement industry company located in south-
western Iran. The provided information in Table 1 outlines
the characteristics of the cement as provided by the manufac-
turer. The high-range water-reducing admixture (HRWRA)
used in this study was a polycarboxylic ether-based product.
It was added to the mixture in amounts ranging from 0.2
to 2% by weight of cementitious material, in accordance
with the manufacturer’s recommendations. All the mixtures
consisted of crushed limestone aggregate, with a maximum
particle size of 19 mm. The material was obtained from a
mine located in Raziabad, Tehran. ASTM C136/C136M-19
was employed to conduct a sieve analysis of the sediments.>
Two types of fibers were used in the investigation, including
industrial five-dimensional hooked-end steel fibers (ISFs)
and RTSF. Figure 1 displays the raw materials employed in
the production of concrete within the scope of this study.
Additionally, Table 2 provides information regarding the
geometric and strength characteristics of the fibers used. It
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Table 2—Geometrical and mechanical properties of fibers®

Type Length, mm | Diameter, mm | Aspect ratio (length/diameter) | Tensile strength, MPa | Specific gravity | Elastic modulus, GPa
ISF 35 0.4 87.5 2830 7.8 210
RSF 20 to 40 0.35 57to 114 3120 6.9 210
Table 3—Mixture proportions of control and FRC mixtures, kg/m?
Mixture description C w CS FS ISF RSF HRWRA

PC 500 174.36 671.2 1013.4 0 0 2.8

LRy 500 174.36 6712 1009.5 19.5 0 2.8

L1 25R s 500 174.36 671.2 1009.5 9.75 8.63 2.8

IoR, 5 500 174.36 671.2 1009.5 0 17.25 2.8

IR 500 174.36 666.2 1005.8 39 0 33

LsRos 500 174.36 666.2 1005.8 19.5 17.25 33

IoRs 500 174.36 666.2 1005.8 0 34.5 33

Note: C is cement; W is water; CS is coarse sand; FS is fine sand.

Cement (C)

High-Range Water-Reducing
Admixture (HRWRA)

Industrial Steel Fiber (ISF)

Recycled Steel Fiber (RSF)

Fig. I—Raw materials used.

is worth noting that these characteristics are provided by
the manufacturer.’” Moreover, the observed difference in
specific gravity between ISF (7.8) and RTSF (6.9) can be
attributed to the recovery process of RSFs from waste tires.
During this process, some fibers acquire a very thin plastic
coating, which reduces their specific gravity.

Mixture design

Table 3 presents the mixture ratios for seven different
concrete mixtures. These mixtures include plain concrete
(PC), four single-type fiber-reinforced mixtures, and two
hybrid types of fiber-reinforced mixtures. Hybrid mixtures
in this study are mixtures that contain similar volumetric
proportions of both RSF and ISF. The water-binder ratio
(w/b) for all mixtures is 0.340. In this study, the fiber
content in the reinforced mixtures is either 0.25% or 0.5%
V}, representing low-volume and high-volume percentages,
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respectively. The term PC is used to refer to plain concrete,
which is a mixture design that does not contain any fibers.
Other mixtures incorporate either ISF, RTSF, or a combi-
nation of both. Additionally, out of the six mixture designs
analyzed, three of them are characterized as having a low
fiber content, with only 0.25% fiber used. Conversely, the
remaining three mixture designs are classified as having a
high fiber content, with 0.5% fiber incorporated into these
combinations. Six different mixtures were prepared to study
the effects of fiber content and reinforcement type. Two fiber
contents were used for each of two reinforcement types
(hybrid and single-fiber), resulting in six unique mixtures.
This allows for a direct comparison of the effects of fiber
content and reinforcement approach. It is important to
acknowledge that the percentages mentioned are volumetric
in nature. In addition, it should be noted that the letters I
and R used in the descriptions of the mixtures correspond to
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Fig. 2—Test setup and DIC equipment.

industrial and recycled fiber, respectively. Furthermore, the
numerical value assigned to each letter (for example, 0, 1.25,
and 2.5) represents the proportion of fiber in the mixture,
expressed as a tenth of a percent. An example of this is the
composition “I1.25R1.25,” which combines recycled and
industrial fibers. This composition includes 0.125% of RTSF
and 0.125% of ISF, resulting in a total volume percentage
of 0.25%. Hence, this combination is sometimes referred
to as being low in fiber. The objective of this study was to
assess the split tensile strength properties of concrete. This
was achieved by conducting laboratory experiments using
plain and FRC mixtures containing concrete aggregates
of standard size. HRWRA was incorporated into concrete
mixtures at a dosage range of 0.5 to 1% of the weight of
cement. Laboratory-controlled samples of concrete were
made using a pan mixer. The target tensile strength for
samples with 0.25% and 0.5% fiber content was set at 5 and
6 MPa, respectively. Among samples with the same fiber
content, single-ISF was expected to outperform hybrid and
single-RSF in terms of mechanical properties.

To evaluate the split tensile strength and slump charac-
teristics, standardized concrete mixtures were prepared
in accordance with the specifications indicated in Table 3
within controlled laboratory conditions. To assess the work-
ability of plain concrete and FRC combinations, exper-
iments were conducted to measure the unit weight and
slump of the fresh concrete.’®* Cement and fine and coarse
aggregate were initially combined in a dry condition for
approximately 2 minutes to make the concrete mixtures. The
HRWRA additive and water were then added to the concrete
mixture for 3 minutes. Finally, the fibers were added to the
mixtures, and the mixing procedure was repeated for another
3 minutes to ensure that the fibers were well incorporated
into the concrete. The freshly mixed concrete was then
placed in cylinder molds and subjected to external vibration
using a shake table. After being inserted into the molds for
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24 hours, the extracts were cured in water at 20 = 2°C for
28 days. Each mixture specimen was made and evaluated for
split tensile strength using three cylinder specimens (200 x
100 mm). Furthermore, all the tests were carried out using
the servo-control devices available in the Rock Mechanics
Laboratory at Amirkabir University of Technology. As a
result, specimens were subjected to the split tensile strength
test under controlled laboratory circumstances.

Test methods

DIC measurement—DIC, an optical, high-precision, and
non-contact measurement technique, was used to observe
the formation and propagation of cracks and to back-
calculate the strain distribution throughout the specimen.
To achieve high-quality digital images and accurate results,
specific sample preparation techniques were employed.
To enhance visibility and facilitate observation, the cross
section of the split tensile test specimen was randomly
marked with contrasting black and white regions. More-
over, sections of compression and tension specimens were
sprayed in a random pattern. A professional digital camera
with a high-resolution complementary metal-oxide semi-
conductor (CMOS) camera, a 3-megapixel sensor, 1/2.8 in.
format, and high resolution was fixed on a sturdy tripod to
minimize disturbances. The camera operated at 30 frames
per second (FPS) with a resolution of 2048 x 1536 pixels to
capture the entire loading process. For DIC measurements,
images were extracted at a rate of two per second, with crit-
ical moments (such as peak load moments) having more
than two images per second extracted. Despite conducting
all tests in daylight, a projector with adjustable light inten-
sity, as shown in Fig. 2, was used to ensure consistent light
contrast. Video recording began simultaneously with the
test, capturing the entire loading process from start to finish.

The common parameter in both experimental and DIC
methods is time. By using the loading speed of the test setup,
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Fig. 3—SEM device.

the correlation between time and each point on the load-
deflection curve was determined. Then, using the camera’s
FPS, the correlation between time and each extracted image
was established. This allows for the connection between
the load-deflection curve, and subsequently the stress-strain
curve, and each image. It is worth noting that the strain of
each sample at any moment equals the ratio of deflection to
sample diameter (100 mm).

After the test, the video was edited with editing soft-
ware, and 200 pictures were extracted from each video for
analysis. The resulting digital images were analyzed using
Ncorr,” a free, high-quality, and flexible DIC software, to
calculate the strain distribution and investigate the formation
and propagation of cracks.

SEM analysis—SEM contains various sequential steps.
The initial step in preparing the FRC sample involves the use
of cutting, polishing, or fracturing techniques to expose the
specific surface of concern. Subsequently, a thin conductive
layer is applied to cover the sample. Afterward, the prepared
sample is fixed onto a sample holder or stub and put into the
SEM chamber. To ensure the stability of the electron beam,
the chamber is exposed to a high level of vacuum evacuation.
The generation of an electron beam involves the use of an
electron source, such as a tungsten filament or a field-emis-
sion gun (FEG), which is then directed onto the surface of the
sample. The interaction between the electron beam and the
sample leads to the emission of secondary electrons, back-
scattered electrons, and characteristic X-rays. These emis-
sions offer valuable insights into the surface morphology,
composition, and crystal structure of the sample. This proce-
dure facilitates the study of crack patterns and the interac-
tion between concrete and fibers. Through the application of
SEM images, scholars have the ability to study the courses
taken by cracks as they propagate; identify occurrences of
fiber pullout, debonding, and bridging events; and acquire
valuable knowledge regarding the mechanical characteris-
tics shown by FRCs. The detectors present within the SEM
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are responsible for collecting the emitted electrons or X-rays.
These collected particles are subsequently transformed into
electrical signals, which are then shown on a screen for
observation. The sample surface is imaged at a high reso-
lution, enabling a collection of detailed visual information.
Additionally, specialized software facilitates the execution
of quantitative analysis of the collected images. SEM testing
was performed on all six FRC samples, with three images
taken from different locations on each sample. Figure 3
depicts the approach employed for doing SEM analysis.

EXPERIMENTAL RESULTS
SEM analysis result

FITZ—The FITZ is a crucial region within FRC, approx-
imately 30 um wide around the surface of each fiber, where
the bonding and interaction between the fibers and the matrix
material occur.?? The transitional microstructure possesses
distinctive characteristics that set it apart from both the
surrounding bulk concrete and the fibers themselves. The
features and behaviors of the FITZ can have a substan-
tial impact on the overall performance of FRC. Gaining a
comprehensive understanding of the properties and behavior
of the FITZ is crucial to enhancing the structural design and
performance of FRC. The presence of the FITZ in this inves-
tigation is visually depicted in Fig. 4.

The FITZ contains the phenomenon known as concrete-
fiber detachment, which denotes the act of separation or
detachment happening between the concrete matrix and the
embedded fibers. The phenomenon of detachment might
manifest over the whole length of the fibers, suggesting a
breakdown in the bonding between the concrete and the
fibers. Fibers are usually mixed into concrete as they improve
its mechanical characteristics, notably its tensile strength
and resistance to cracking. Nevertheless, the detachment of
concrete and fibers in the FITZ may happen as a result of
multiple variables, including stress concentrations, differ-
ential characteristics, and fiber pullout. The phenomenon of
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Fig. 5—Disengagement of fiber from concrete in FITZ.

detachment can be visually identified as cracks or gaps that
exist between the individual fibers and the encompassing
matrix of concrete. SEM pictures obtained from the FITZ
reveal the presence of cracks that have developed in the
vicinity of the steel fibers, suggesting a deterioration of the
bonding connection in those particular areas. The separation
of concrete fibers within the FRC in the FITZ has potential
consequences for the overall performance and durability of
the material. The load-transfer mechanism between the fibers
and the matrix may be impacted, potentially leading to a
decrease in the efficacy of the fiber reinforcement. Moreover,
the existence of detached fibers can potentially facilitate the
penetration of moisture, hence resulting in degradation and
diminished durability. The occurrence of an inadequate bond
between the fibers and the concrete is evident, as illustrated
in Fig. 5. This figure offers a clearer illustration of this disen-
gagement. When conducting a comparison between recycled
and industrial steel fibers in relation to FITZ crack charac-
teristics, various elements must be taken into consideration.
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Fig. 7—Length of ISF.

These criteria include FITZ bonding and debonding, FITZ
crack depth, FITZ crack shape, and FITZ crack length.
FITZ bonding and debonding—The bonding and
debonding of fibers are defined and assessed along their
straight length and at their hooked ends. It is notable that
hooked ends are only ISF’s feature. The results of the SEM
study, as depicted in Fig. 6 and 7, indicate that there is
not a significant difference in the bonding of fibers along
their length in the FRC specimens. Nevertheless, when
conducting a comparative examination, it was shown that
the industrial fibers, which were supplied with ISF’s hooked
ends, displayed a notable improvement in bonding within
their FITZ. This finding can be observed in Fig. 8 and 9.
The presence of increased bonding significantly influ-
enced the crack morphology within the FITZ, leading to
apparent patterns that differed from those observed in spec-
imens containing recycled fibers. The inclusion of hooked
ends inside the industrial fibers played an essential part in
promoting efficient crack bridging and enhanced crack

ACI Materials Journal/March 2025



Fig. 9—Fnd of ISF.

deflection, ultimately resulting in a more controllable and
uniform crack pattern. The enhanced crack control within
the FITZ is of significant value for the mechanical properties
and durability of FRC structures. It significantly improves
load transfer, mitigates crack propagation, and contributes
to overall enhanced structural performance and increased
resistance to crack growth. Furthermore, the impact of
the presence of hooked ends in industrial fibers on crack
behavior encompasses a wide range of factors. First, they
serve as anchors within the matrix, effectively connecting
and dispersing stresses along the surfaces of propagating
cracks. This phenomenon facilitates the closing of cracks
and diminishes crack opening, therefore improving the crack
resistance and upholding the structural integrity of the FRC.
In addition, the existence of hooked-end fibers alters the
direction of crack propagation and introduces crack tortu-
osity, leading to deviations from linear crack trajectories and
alignment with the fiber contours. Crack tortuosity describes
the intricate and winding path a crack follows as it spreads
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Crack depth in FITZ of ISF

Amirkabir University

Fig. 10—Crack depth in FITZ near ISF.

through a material. Higher tortuosity indicates increased
toughness and crack resistance, as the fibers deflect and
bridge the cracks, creating a more convoluted path. In other
words, it leads to an increase in the minimum crack length
necessary for failure of the FRC. Moreover, the presence of
hooked ends enhances the interfacial shear-transfer mecha-
nism between the fibers and the surrounding concrete matrix.
This in turn facilitates a more efficient distribution of loads
across the FRC specimen and reduces the occurrence of
localized stress concentrations. In the end, the inclusion of
hooked ends in a material serves to restrict the propagation
of cracks and prevent the spread of wide cracks. This char-
acteristic is advantageous in FRC applications, where proper
control of crack width is crucial. This is especially relevant
in structures that necessitate minimal water or environmental
penetration. Collectively, the results highlight the need to
take into account the characteristics of fibers, specifically
the existence of hooked ends, when making FRC mixtures
with the objective of achieving superior crack control and
improved mechanical features. The aforementioned expla-
nation of enhanced bonding and its consequent impact on
crack behavior highlights the possibility of including indus-
trial fibers with hooked ends as a beneficial reinforcement
component in FRC. This development facilitates the realiza-
tion of more durable and solid concrete applications.

SEM analysis of FITZ crack depth in FRC—The SEM
images of recycled FRC (RFRC), industrial FRC (IFRC),
and hybrid FRC (HFRC) offer significant insights into their
crack behavior. Figures 10 to 12 highlight a notable differ-
ence in cracking depth between industrial and recycled fiber
specimens. This difference is attributed to several factors.
Industrial fibers exhibit superior quality and homogeneity,
leading to better bonding with the matrix and enhanced
crack-bridging efficiency. In industrial fibers, in addition
to hooking—which promotes interlocking, crack bridging,
and deflection—surface treatments with coatings applied
during production can enhance the bond strength between
the cement paste and fibers. In contrast, recycled fibers often
have irregular forms, variations in aspect ratios, and lack
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Fig. 11—Crack depth in FITZ near RSF.

Fig. 12—Crack depth in FITZ in HFRC.
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Fig. 13—Depiction of DIC analysis in 12.5R0.

hooks, which prevent interlocking and make them suscep-
tible to pullout. Consequently, these characteristics reduce
their crack-bridging efficiency and lead to deeper crack
penetration. Their random curves and shapes hinder proper
alignment in the bridging direction, decreasing overall effec-
tiveness. The superior bonding and mechanical interlocking
of industrial fibers provide more effective load transfer and
stress redistribution, contributing to lower crack depth.
Additionally, the regulated fiber content and distribution
in industrial FRC ensure uniform dispersion throughout
the matrix, enhancing crack control and stress transfer and
further reducing crack depth.
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Results of image processing analysis

Crack propagation pattern—The crack propagation
pattern seen in all specimens was unified, wherein the
main crack propagated in a downward direction from the
upper part of the specimen during the tensile test. Figure 13
shows a depiction of the DIC analysis performed at eight
distinct points in the [2.5R0 sample. Within this set of
points, four are specifically dedicated to the examination
of crack morphology before reaching the peak load, while
the remaining four concentrate on the post-peak crack
morphology. The DIC analysis offers significant insights
into the start, propagation, and behavior of cracks during
the entirety of the tensile test, encompassing both stages.
Figure 14 depicts the crack propagation pattern seen in
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Fig. 14—Crack propagation in concrete.

the I1.25R1.25 mixture sample. This illustration serves
as an exemplification of crack propagation throughout
the various samples at eight distinct points. Nevertheless,
while comparing the specimens of FRC with those of plain
concrete at the same point, it was noted that the dimensions
of the primary crack in FRC were comparatively lower in
terms of length and width when compared to plain concrete.
Moreover, Fig. 15 represents the effect of fiber content and
hybridization on crack properties, using DIC analysis. While
analyzing FRC samples with varying volume contents, it was
observed that FRC samples with a greater volume content
(0.5%) exhibited a reduction in the length and width of the
main crack, as can be seen in Fig. 15. Furthermore, while
comparing recycled mixture design samples with hybrid
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mixture design samples with equivalent volume content and
at the same point, it was seen that the implementation of the
hybrid method resulted in a considerable reduction in crack
length and width parameters in the recycled mixture design.
The results of this study highlight the efficacy of employing
a hybrid mixture design strategy in reducing both the length
and width of cracks, as compared to exclusively using recy-
cled materials. The observed consistency in the propagation
pattern of cracks across all specimens offers useful insights
into the behavior of the studied materials when subjected
to tensile pressure. Moreover, the notable decrease in crack
sizes seen in FRC samples emphasizes the improved crack
resistance supplied by the inclusion of fibers. The findings
presented in this study enhance comprehension of crack

23



(c)12.5R2.5

(d) TR

Fig. 15—Effect of fiber content and hybridization on crack properties.

propagation mechanisms in concrete structures and offer
valuable insights for the development of optimum mixture
designs that focus on enhancing durability and structural
performance.

Tensile performance—The beginning of cracks generated
by stress plays a crucial role as an entrance to the failure
of concrete materials, hence presenting a significant risk to
underground excavation operations and infrastructure facili-
ties. Therefore, the precise estimation of crack initiation has
significant importance in comprehending the deformation
and stability characteristics of brittle materials. Moreover,
it possesses substantial value in the realm of engineering
design and practical applications.'® The use of DIC is
employed for analysis during the loading phase until failure.
This study enables identification of three primary stages that
characterize the behavior of the specimens. To begin with,
the pre-peak phase of these stages demonstrates the magni-
tudes of strength and strain that are associated with the crack
initiation. Second, the peak strength phase encompasses the
distinctive characteristics of the material when it reaches its
maximum strength. Finally, the post-peak phase represents
a transition from a brittle mode to a more ductile behavior,
which is especially noticeable in plain concrete samples,
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achieved through the inclusion of both single and hybrid
steel fibers.

Pre-peak, peak, and post-peak tensile strength:
Table 4, along with Fig. 16 and 17, provide a concise
summary of the average tensile strength and corresponding
stress and strain values, respectively, for all test specimens
throughout the different phases. It is worth noting that points
(b), (d), and (h) in Fig. 13 represent the pre-peak, peak, and
post-peak stages in the 12.5R0 sample, respectively. The
pre-peak phase, which indicates the beginning of cracking,
demonstrates the potential of recycled fiber to postpone
the initiation of cracks. At this particular stage, the tensile
strength, indicated as [12.5R0 and I0R2.5, exhibits no signifi-
cant disparity, as it maintains a value of 4.45 MPa. This obser-
vation is valid even when considering increasing volume
percentages of fibers. Additionally, the tensile strength
of the recycled fiber specimens ISRO and IORS5, which
demonstrate a strength of 5.3 MPa, stays constant. This
important finding illustrates the similar performance of recy-
cled fibers and industrial fibers in the pre-peak zone of FRC.
It is noteworthy that the increase of the fiber volume content
from 0.25 to 0.5% yields a 20% enhancement in strength,
specifically in relation to the initial appearance of cracks. In

ACI Materials Journal/March 2025



Table 4—Pre-peak, peak, and post-peak tensile strength and strain

Pre-peak Peak Post-peak
Mixture description Strength, MPa Strain, % Strength, MPa Strain, % Strength, MPa Strain, %
PC 3.82 0.007 3.92 0.007 0.78 0
12.5R0 4.46 0.02 5.46 0.15 1.09 0.26
11.25R1.25 5.04 0.057 5.18 0.13 1.04 0.24
I0R2.5 4.45 0.019 491 0.061 0.98 0.18
I5R0 5.31 0.064 6.78 0.16 1.36 0.31
12.5R2.5 5.46 0.068 6.51 0.14 1.30 0.28
I0R5 5.33 0.041 6.28 0.08 1.26 0.21
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Fig. 16—Tensile strength at pre-peak, peak, and post-peak.
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Fig. 17—Tensile strain at pre-peak, peak, and post-peak.

addition, the use of a hybrid mixture containing both recy-
cled and industrial fibers, at varying levels of volume, has
been observed to have a beneficial impact on increasing the
strength associated with the initiation of cracks. The findings
of this study highlight the benefits associated with the use
of recycled fibers in FRC. The shown capacity of recycled
fibers to effectively postpone the initial onset of cracks and
exhibit comparable performance to industrial fibers during
the pre-peak phase highlights their potential and feasibility
for use in this specific application. Furthermore, the incor-
poration of recycled fibers, whether used alone or together
with industrial fibers, improves the strength at the point
where cracks first appear. The peak point parameters of the
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specimens were examined to determine the maximum level
of peak strength. The mixture design that demonstrated the
highest peak strength of 6.28 MPa among the other designs
was the ISRO mixture. This particular mixture indicated a
strength gain of 1.6 times when compared to plain concrete.
Consequently, the capabilities of industrial fibers have
marginally exceeded those of recycled fibers. It is noteworthy
that, across mixture designs with equivalent volume content,
the mixture composed exclusively of industrial fibers had
the highest peak strength, while the mixture that included
recycled fibers exhibited the lowest peak strength. The draw-
backs associated with the shape and appearance of recycled
fibers, as mentioned in the SEM analysis section, were
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further enhanced by implementing a hybrid strategy that
incorporated both industrial and recycled fibers at equivalent
volume content. In addition, a review of the recycled and
hybrid mixture designs with varying volume content (I0R2.5
and I1.25R1.25, and I0ORS and 12.5R2.5) demonstrated peak
strength enhancements of 1.3 and 1.6 times, correspond-
ingly, when the recycled fiber was employed together with
the hybrid approach. This observation shows the beneficial
influence of incorporating recycled fibers in enhancing the
peak strength of FRC. Nevertheless, it is crucial to acknowl-
edge that, in the context of comparing peak strength with
the strength associated with crack initiation, the influence of
industrial fibers in this particular investigation exhibited a
slightly more significant role at the peak point. The results of
this study underscore the potential advantages of employing
industrial fibers, particularly in regard to maximum strength,
while also drawing attention to the notable enhancements
achieved by incorporating recycled fibers through a hybrid
methodology. The combined use of both types of fibers
provides a potentially effective approach to enhancing the
overall split tensile performance of FRC.

Pre-peak, peak, and post-peak tensile strain: The
analysis of Fig. 16 reveals that plain concrete demonstrates
an obvious bias toward brittle behavior. The incorporation of
steel fibers, as examined in this study, significantly enhances
the ductile behavior of the material, leading to a marked
increase in strain capacity. It is worth mentioning that the
specimens’ ductility is improved in all three stages when
the fiber volume content is increased from 0.25 to 0.5%.
The comparison of stresses between recycled and industrial
fibers during the pre-peak phase reaffirms earlier research
findings, hence emphasizing the considerable potential of
recycled fibers in preventing crack initiation. The maximum
strain corresponding to peak strength appears to be 0.16 for
the ISRO mixture design, while the minimum strain value
of 0.061 is attributed to the IOR2.5 mixture design. This
discovery highlights the significance of employing indus-
trial fibers at the peak point, as the presence of a hooked-end
shape in industrial fibers improves fiber efficiency by facili-
tating interlocking. The aforementioned effect gets stronger
during the post-peak region. The post-peak DIC analysis
indicates that the rate at which recycled fibers are pulled off
is higher when compared to that of industrial fibers alone.
However, it is seen that industrial fibers exhibit a more
favorable overall effect in the post-peak phase. The use of
recycled fibers is widely accepted for its favorable charac-
teristics, including its environmental sustainability and cost-
effectiveness. However, relying exclusively onrecycled fibers
is considered inappropriate. Nevertheless, it is important to
acknowledge that a hybrid strategy incorporating both types
of fibers has the potential to mitigate a minimum of 50%
of the drawbacks linked to recycled fibers, specifically in
relation to the maximum strain. The mentioned discovery
highlights the advantages of employing a hybrid approach
to integrate the benefits of recycled and industrial fibers into
FRC. The use of a hybrid technique serves to improve the
ductility and overall performance of the composite material,
so the inherent constraints associated with the exclusive use
of recycled fibers are addressed.
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CONCLUSIONS

This study focused on the split tensile behavior of recy-
cled and hybrid fiber-reinforced concrete (FRC), examining
microstructural and macroscopic properties. Scanning elec-
tron microscopy (SEM) analysis revealed that industrial
fibers with hooked ends exhibited enhanced bonding, crack
bridging, and crack deflection compared to recycled fibers.
The presence of hooked ends promoted improved mechan-
ical interlocking, resulting in shallower crack depths and a
controlled crack pattern. Macroscopic analysis using digital
image correlation (DIC) software demonstrated that recycled
fibers delayed crack initiation and showed similar perfor-
mance to industrial fibers in the pre-peak zone. The find-
ings highlighted the advantages of using recycled fibers in
FRC, as they effectively delayed crack onset and enhanced
strength at the point of crack initiation. The hybridization
of recycled fibers with industrial fibers was suggested as a
strategy for improving mechanical performance, achieving
cost savings, and using environmentally friendly materials
in FRC. SEM analysis of the fiber interface transition zone
(FITZ) revealed that industrial fibers had superior bonding
characteristics due to their enhanced quality, homogeneity,
and surface treatments. The presence of hooked ends in
industrial fibers promoted better mechanical interlocking,
crack bridging, and deflection, resulting in shorter crack
depths. In contrast, recycled fibers exhibited reduced crack-
bridging efficiency and deeper crack penetration due to their
irregular forms and variations in aspect ratios. The hybrid
approach incorporating both recycled and industrial fibers
showed a beneficial impact on increasing the strength asso-
ciated with crack initiation. Finally, the classification of the
study’s findings can be summarized as follows:

1. Microstructural analysis revealed that industrial fibers
with hooked ends exhibited enhanced bonding, mechan-
ical interlocking, crack bridging, and crack deflection
compared to recycled fibers. Also, the presence of hooked
ends in industrial fibers resulted in shallower crack depths,
demonstrating their superior performance.

2. Recycled fibers significantly delay the initial occur-
rence of cracks and perform comparably to industrial fibers
in the pre-peak phase when compared with plain concrete,
highlighting their potential for application in this context.
Additionally, the use of recycled fibers, either alone or with
industrial fibers, strengthens the material precisely where
cracks begin to form.

3. The increase in fiber content from 0.25 to 0.5% resulted
in a 20% enhancement in strength, particularly in relation to
the initial appearance of cracks.

4. The hybridization of recycled fibers with industrial
fibers in both high-volume percentage (I2.5R2.5) and
low-volume percentage (I11.25R1.25) mixtures is a recom-
mended strategy for enhancing mechanical performance,
achieving cost savings, using environmentally friendly
materials, reducing crack dimensions compared to using
solely recycled fibers, and increasing strength associated
with crack initiation in FRC.
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Assessing Durability Characteristics of Basalt Fiber and

Slag-Based Cementitious Composite
by Alein Jeyan Sudhakar and Bhuvaneshwari Muthusubramanian

Past researchers have concentrated on the durability character-
istics of textile-reinforced cementitious composites with quartz
and silica sand. However, to make it easily available for construc-
tion, this study explores the durability characteristics of cemen-
titious composites (CC) with the available manufactured sand
before applying it to textile reinforcement. It is more important
to study the durability characteristics as the main aim of appli-
cation is to construct thin structures without coarse aggregate.
Thus, the durability and microstructural characteristics of basalt
fiber (BF)-reinforced fine-grained CC incorporated with ground-
granulated blast-furnace slag (GGBS) as a partial substitution of
cement (BFRFGC) were studied. The CC were exposed to different
exposure conditions, such as acidic environment, alkaline envi-
ronment, and elevated temperature. Then, their visual appearance
and change in weight and strength were studied as per the codal
provisions at several exposure ages. In addition, microstructural
studies were also performed at different exposure conditions and
were compared with the specimens before exposure. The BEFERFGC
showed 61.93% and 27.58% lower strength and weight change
than controlled fine-grained CC (CFGC) under extreme conditions
(that is, exposure to sulfuric acid). Also, the results from micro-
structural studies reveal that BF and BFRFGC are resistant to
all these conditions. Subsequently, BFRFGC has superior resis-
tance under various exposure conditions and excellent durability
characteristics.

Keywords: basalt fiber (BF); cementitious composite (CC); durability;
ground-granulated blast-furnace slag (GGBS); microstructure; strength.

INTRODUCTION

The construction industry focuses on creating thin, light
structures with good mechanical and thermal performance
using sustainable building materials. Also, the aggressive
climatic change due to urbanization and exposure of struc-
tures along coast lines increases the necessity to evaluate
durability characteristics to ensure structures’ longer life.
As per ACI 201.2R-08,! concrete should show excellent
resistance when subjected to chemical attack and different
temperature changes. For example, when concrete is exposed
to seawater, the rate of attack is slow, and when it is exposed
to acid, its rate of attack is rapid. Hence, to determine the
effect of concrete when subjected to two different rates of
attack, the durability characteristics in acidic and alkaline
environments are considered the most important. The alka-
linity increases the internal stresses of the concrete, thereby
reducing its mechanical characteristics and, in turn, affecting
its serviceability. Using locally accessible agricultural and
industrial waste resources has shown promise in resolving
developing nations’ economic and environmental issues.
Yet, employing natural coarse aggregate depletes resources;
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this research aids in protecting it as well as the construction
of thin, light, and complicated structures. The inclusion of
admixtures improves the performance of the binder mate-
rial. Instead of coarse aggregate, fine aggregate with a size
of less than 2 mm (0.07 in.) is used to make fine-grained
cementitious composites (FGCC). Shrinkage fractures
are caused when a higher cement concentration is needed
to achieve greater strength in the absence of coarse aggre-
gate. The appropriate dispersion of fibers inside the matrix
can prevent this. By packing tightly, the materials’ fineness
minimizes the amount of air voids in the matrix. Compared
to normal concrete, it also has higher tensile strength and
strain.? The fabrication of textile-reinforced composites
makes extensive use of these FGCC. It aids in the building
of delicate and intricate structures. Sand’s smaller grain size
lowers air spaces and creates an adequate binding between
the yarns in textile reinforcement, improving strength prop-
erties.? It has enhanced durability, minimizes corrosion, and
resists permeability through the voids.* The finer particles
easily impregnate the yarns and strengthen the bond between
the matrix and textile fiber. Due to their fineness, FGCC are
more workable.® The use of fibers improves and strengthens
the effectiveness of the binder.® This matrix has greater
shrinkage cracks due to the higher amount of cement used in
its preparation than other matrixes. However, this problem
can be solved by using enough fibers or nano dispersants.’
To create FGCC, the raw ingredients must be carefully
selected depending on necessity.?

Although fiber-reinforced concrete (FRC) has been
studied before, it is often employed because of its excellent
flexural properties. The yarn count and the length of the
distributed fiber influence its behavior. Basalt fibers (BF),
created from igneous basalt rock, are now widely used in
domestic and worldwide concrete structures.” Cementi-
tious composites (CC) have been the subject of significant
research over the past 10 years, producing ductile, strong,
and energy-absorbing composites with high compressive
and tensile strengths and ductility.'” BF have received
significant interest from the composites sector due to their
exceptional mechanical and thermal properties and chemical
stability.!"!> Because of its lower cost, BF finds numerous
uses in the building and polymer industries.'*!* BF, which is
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made from rocks, can endure temperatures as high as 1500°C
(2732°F). BF can improve flexural toughness and postpone
the onset of cracks when added to the concrete mixture.
Moreover, the fiber changes the failure type from brittle to
ductile."> After quenching, ground-granulated blast-furnace
slag (GGBS), which is produced as a by-product of the steel,
can be used in the concrete industry by partially replacing
cement. As a result, less cement is used, less energy is
required, less money is spent, and constructions are more
durable.'® Compared to cement, GGBS has finer particles, a
larger surface area, and contains more silica.!”!3 Early in the
curing process, the rate of hydration is lower.!” The FGCC
aids in the development of complex, thin, and lightweight
building materials.?” In this concern, an FGCC is developed
in this study as a matrix for textile reinforcement.

RESEARCH SIGNIFICANCE

It is evident from the literature that FGCC can be used as a
matrix for textile reinforcements and is mainly prepared with
quartz or siliceous sand as a fine aggregate due to its fineness,
but it is costly. BF has excellent resistance to different envi-
ronmental conditions. As GGBS induces the dilution effect,
it may help improve durability aspects; hence, it was chosen
in this study in addition to BF. The BF- and GGBS-based
matrix showed greater performance in terms of mechanical
and thermal characteristics than the previous studies. It is
desired to know about the durability aspects of any cementi-
tious matrix before applying it in the field. The literature on
manufacturing an FGCC matrix with conventionally avail-
able fine aggregate is limited. Furthermore, there is a lag in
studying the performance of BF and GGBS as a combination
in FGCC with regard to its durability aspect. Thus, this paper
focuses on the compressive strength of FGCC with BF as
an additive and GGBS as a partial replacement for cement.
Then, its effect on appearance, weight, strength, and differ-
ence in microstructural characteristics when exposed to

Table 1—Basic material characteristics

Fine
Properties Cement GGBS aggregate HRWRA
IS
IS IS IS
Standards | 1 )160:201321 | 1671420182 | 383:2016% | 21031999
(2018)
Specific 3.1 2.96 274 118
gravity
Grading of
M-sand — — Zone 111 —
Density, 1420 1200 1790 1173
kg/m
Fineness,
kg 324 415 — —

Table 2—Mixture proportions of CC

acidic and alkaline environments was evaluated by exposing
it directly to sulfuric acid, seawater, and temperature.

MATERIALS AND MIXTURE

Raw materials

The raw materials for preparing FGCC include cement,
fine aggregate, GGBS, chopped BF, and high-range
water-reducing admixture (HRWRA). Quartz or silica sand
is the most used raw material in preparing the cementitious
matrix due to its fineness. However, due to its scarce avail-
ability and cost, in this study, fine aggregate (M-Sand) of
less than 2 mm (0.07 in.) was used. The basic characteristics
of the raw materials used conform to standards and are given
in Table 1. A chopped BF of 12 mm (0.47 in.) in length and
an aspect ratio of 706 was used in this study. It possesses
a tensile strength of 3.56 GPa (0.516 Mpsi) and an elastic
modulus of 87 GPa (12.62 Mpsi).

Mixture proportions

The mixture proportions for FGCC were decided based
on the trial-and-error method. In the optimized trial batch,
chopped BF of 12 mm (0.47 in.) was dispersed as an addi-
tive by 0.4% to the volume of the matrix.?® The percentage
addition of BF and GGBS was decided from the previous
research studies as it gave better mechanical and thermal
characteristics, as reported.?>?® The mixture details of the
cementitious matrix are given in Table 2.

EXPERIMENTAL PROGRAM

ACI 201.2R-08' says any concrete material can be
affected due to temperature changes and aggressive envi-
ronments (acids, chemicals, and seawater). So, in this paper,
the durability characteristics of FGCC when subjected to
different environmental conditions are evaluated. The dura-
bility properties are studied only for the sample—which
performed well in mechanical and thermal characteristics, as
found from previous studies—and compared with controlled
fine-grained CC (CFGC).?>%¢

Specimen preparation

The durability characteristics of FGCC were studied from
cubic samples with 70.6 mm (2.78 in.) dimensions. Initially,
the dry mixture of BF-reinforced fine-grained CC incorporated
with GGBS as a partial substitution of cement (BFRFGC)
was prepared by adding fine aggregate, cement, and GGBS.
After proper mixing, the 12 mm (0.47 in.) chopped BF was
dispersed in the mixture and again dry-mixed carefully.
Then, after thorough mixing, water was added to the dry
mixture little by little, and a proper mixture was made. Then,
HRWRA of 1% to the cement weight was mixed with 10%
of the water content required and mixed thoroughly. After
proper mixing, the matrix was placed in the greased molds

Ingredients, kg/m?

Mixture Cement GGBS Fine aggregate Water HRWRA BF
CFGC 478.5 — 1656.25 215.29 4.78 —
BFRFGC 382.8 95.7 1656.25 215.29 4.78 1.91
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and allowed to set for 24 hours; after that, the cube specimens
were demolded and cured by immersing them in water for
approximately 28 days. The CFGC was prepared using the
same process without the addition of GGBS and BF. After
28 days of curing, the specimens were air-dried and initially
weighed. Then, they were placed in different environmental
conditions. The flow diameter and density of the CFGC
and BFRFGC were 175 mm (6.89 in.) and 2201 kg/m®
(137.4 Ib/ft}), and 166 mm (6.54 in.) and 2186 kg/m’
(136.47 1b/ft), respectively. The fragments collected from the
specimens after checking their strength were crushed, sieved,
washed in ethanol to stop further hydration reactions, and then
used for microstructural analysis.

Preparation of acid medium

Acid attack is the primary source of chemical deteriora-
tion of any structure. So, the chemical resistance of FGCC
was studied as per ASTM C267-01.%

Table 3—Specifications of seawater

Parameters Values
Appearance Turbid
Color Light blueish
Odor Foul smell
Appearance Turbid
pH 8.10
Total hardness, mg/L 7600
Total alkalinity, mg/L 225
Chlorides, mg/L 2377.63
Sodium, mg/L 557.44
Calcium, mg/L 893.10
Potassium, mg/L 104.19

8
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Compressive strength (N'mm )
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Seawater medium

Structures near the seashore may be easily affected due
to the alkalinity of seawater. So, the effect of the alkalinity
of the CC was studied by exposing it directly to seawater.
Seawater was collected from the nearest beach in Kovalam,
Chennai, India. The detailed specifications of seawater
collected are given in Table 3. The seawater was changed at
every inspection period as per ASTM C267-01.%

Temperature

The structure should withstand the specified load during
fire and fire stream testing and prevent the passage of fire
for an extended period as per Part 4 of the National Building
Code of India.?® In this paper, the durability characteristics
of CFGC and BFRFGC upon exposure to different environ-
mental conditions such as acid, seawater, and temperature at
200°C (392°F) were evaluated through physical and micro-
structural observations.

RESULTS AND DISCUSSION
The effect of FGCC when directly exposed to acid,
seawater, and temperature is discussed in detail in this
section through physical observations and different micro-
structural characteristics.

Effect of GGBS on cementitious matrix

The compressive strength of FGCC increased with the
age of curing. The strength increased for the GGBS-based
matrix with the higher curing ages as higher GGBS content
induced a dilution effect at the early ages. The compres-
sive strength for both matrixes at different days of curing
is shown in Fig. 1. The compressive strength increased
by 29.34% for the BFRFGC at 90 days of water curing.
According to Sobia et al.,?* the slow reactivity of GGBS
contributed to an increase in the concrete’s compressive

e

ey gy

ey

RO

m\:-m e

B
b

CFGC
Fig. I—Compressive strength of CC.
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strength with prolonged curing. A similar trend was also
observed in this study. The higher GGBS content in the
cementitious matrix was attributed to the dilution effect and
slowdowns of the pozzolanic reaction in the early ages due
to higher silica content, but it started to react over time and
improved the compressive strength. The fineness of GGBS
also plays a major role in this reaction.3®3! In addition to
this, the bridging effect of fibers in the matrix also helped
to improve the strength characteristics of the matrix without
GGBS. Replacing cement with 20% GGBS in combination
with 0.4% BF helped achieve higher compressive strength.

Effect of acid

When exposed directly or indirectly to any acid environ-
ment, the specimens degrade in strength and other aspects.
Thus, the effect of 5% sulfuric acid-exposed samples was
evaluated based on appearance, strength, and change in
weight.

Visual appearance—The CFGC and BFRFGC specimens
were placed in an acid medium after 28 days of water curing.
The outer surface of the CFGC and BFRFGC specimens
exposed to sulfuric acid started to disintegrate. On contin-
uous exposure, the color of the specimens changed to light
brown. The dehydration of the hydration products on expo-
sure to sulfuric acid is given in Eq. (1) and (2).

Ca(OH), + H,S0; — CaSO, - 2H,0 (1)
3Ca0ALO; - 12H,0 + 3(CaSO, - 2H,0) + 14H,0 —

3Ca0.AL,0;.3CaS0; - 32H,0 )

Fe?* + 20H" — Fe(OH), 3)

The calcium hydroxide present in the specimens in the
reaction with sulfuric acid led to the formation of gypsum.
The gypsum, on further reaction with the calcium alumi-
nates, formed ettringite, as shown in Eq. (2), leading to the
disintegration of the sides. The bulging of sides noticed
in the BFRFGC was due to ettringite formation, leading
to the specimens’ volumetric expansion, as shown in Eq.
(2). When GGBS is used in the cementitious matrix as a
partial replacement of cement, the rate of hydration of the
matrix is slow and its hydration rate increases over time
due to its slow reacting nature. A higher rate of hydration
that takes place over time leads to the formation of calcium-
silicate-hydrate (C-S-H) and is known as the secondary
hydration reaction, which helps to decrease the rate of
degradation of the cementitious matrix. Thus, the rate of
disintegration of BFRFGC specimens was slow compared
with CFGC due to the secondary hydration reaction that
occurs due to the addition of GGBS. The ferric present in
the specimen in the reaction forms the ferric oxide (Eq. (3)),
causing a light brown color®>*? on the surfaces of the speci-
mens when exposed to sulfuric acid.>* Wang et al.?? studied
the erosion of BF concrete with sulfuric acid, and the disin-
tegration of the specimen was observed with color change
upon continuous exposure. Madhuri and Srinivasa Rao*
studied the performance of slag concrete when exposed to
sulfuric acid, and the disintegration of specimens was found
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with a change in color and the appearance of coarse aggre-
gates. Thus, the color change was due to the precipitation of
ferric oxide, and the specimens disintegrated along the sides
with continuous exposure, as shown in Fig. 2. However, the
disintegration was less in BFRFGC than in CFGC due to the
secondary hydration reactions that take place when cement
is partially substituted with GGBS.

Change in weight—As shown in Fig. 3, when the CFGC
and BFRFGC were exposed to sulfuric acid, the reduction
in the weight of the specimens was observed at different
inspection periods. The percentage weight loss was lower
in the BFRFGC specimens than in the CFGC specimens.
The maximum weight loss of approximately 6.745% and
5.11% was observed in the CFGC and BFRFGC speci-
mens at 84 days of exposure to sulfuric acid. The BFRFGC
showed 24.18% lower weight loss than CFGC at 84 days of
exposure. Khan et al.> studied the performance of BF-rein-
forced concrete with coarse aggregate under different envi-
ronmental conditions, and they observed a weight reduction
with the increase in days of exposure. However, the weight
reduction was less than conventional concrete specimens.
Tanwar et al.’® studied the performance of GGBS-based
concrete with coarse aggregate exposed to sulfuric acid,
the weight gain of the specimens was observed up to 7 days
of curing, and then a weight reduction was observed. The
results obtained in this study were contradictory to those
obtained by Tanwar et al.’® and similar to Khan et al.,’ as
a reduction in the weight of the samples was observed upon
continuous exposure to sulfuric acid. The weight reduction
was due to the disintegration of the specimens, which was
caused by the formation of ettringite, as given in Eq. (2),
which causes internal pressure, leading to volumetric expan-
sion of the specimen, causing deterioration upon continuous
exposure to sulfuric acid. The weight reduction was lower
in the BFRFGC due to the secondary hydration reaction that
takes place due to the GGBS. The rate of disintegration was
higher as specimens exposed to acid experienced a rapid
attack. Thus, when BF and GGBS were added, it gave better
resistance to weight reduction than the CFGC.

Compared to the optimized mixture, the percentage
weight loss was smaller for specimens with BF and GGBS.
After 84 days of exposure to sulfuric acid, the largest weight
loss percentages of approximately 6.745% and 5.11% were
noticed in the CFGC and BFRFGC. The specimens’ degra-
dation from continuous exposure to sulfuric acid was the
cause of the weight loss. In their study of BF-reinforced
concrete with coarse aggregate under various environmental
circumstances, Khan et al.>* found that as the number of
curing days increased, the weight of the concrete decreased.
However, compared to examples made of standard concrete,
the weight decrease was less.

Change in strength—The change in compressive strength
of the CFGC and BFRFGC specimens when exposed to
sulfuric acid was studied, and the failure images are shown
in Fig. 4. The CFGC shows more spalling and crushing upon
testing than the BFRFGC. Figure 5 indicates the compressive
strength reduction of CFGC and BFRFGC when exposed to
sulfuric acid at different inspection periods.
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(g) CFGC at 14 days

(h)BFRFGC at 14 days

(i) CFGC at 28 days

(1) BFRFGC at 56 days

(k) CFGC at 56 days

(m) CFGC at 84 days

(n) BFRFGC at 84 days

Fig. 2—Visual appearance of specimens at different days of
exposure in sulfuric acid medium.

As shown in Fig. 5, when CFGC and BFRFGC are
exposed to sulfuric acid, a reduction in compressive
strength occurs. The BFRFGC showed less of a reduction
in compressive strength than the CFGC. The maximum
loss of compressive strength of approximately 26.96% and
14.21% was found in the CFGC and BFRFGC, respectively,
when exposed continuously to sulfuric acid. The BFRFGC

ACI Materials Journal/March 2025

—=— CFGC
7 |—e— BFRFGC

Weight Loss (%)

0 T T T T T T T T

0 10 20 30 40 50 60 70 80

Days of exposure

90 100

Fig. 3—Loss of weight of FGCC with exposure to sulfuric
acid.

gz

(b) BFRFGC

(a) CFGC

Fig. 4—Failure of specimens in compression when exposed
to sulfuric acid for 84 days.
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Fig. 5—Loss of compressive strength of specimens when
exposed to sulfuric acid.

showed a 47.25% lower change in weight than CFGC. From
the results obtained, the BFRFGC showed better resistance
to acid than the CFGC. The reduction in strength is due to
the decalcification of calcium silica hydra-gel. Thus, when
BF and GGBS are added to the matrix, they give better resis-
tance to strength reduction than the CFGC.
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(c) CFGC at 1 day

-

(e) CFGC at 7 days

(g) CFGC at 14 days

(i) CFGC at 28 days (j) BFRFGC at 28 days

(k) CFGC at 56 days
= -

(1) BFRFGC at 56 days

4

(m) CFGC at 84 days (n) BFRFGC at 84 days

Fig. 6—Visual appearance of specimens at different days of
exposure in seawater medium.

Effect of seawater

Structures near coastal areas or submarine structures are
exposed to alkaline conditions either directly or indirectly.
The visual inspections of the specimens after exposure to
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Fig. 7—Percentage change in weight of specimens when
exposed to seawater.

seawater, change in weight, and change in strength at the
required days are performed as per ACI 201.2R-01.%’

Visual appearance—The CFGC and BFRFGC specimens
were inspected visually at 1, 7, 14, 28, 56, and 84 days of
exposure to salt water directly and are shown in Fig. 6(a)

to (g).

3C;A(CaS0,).12H,0 + 2CaCl, + 16H,0 —
C3A(CaS0,);.32H,0 + 2C;A(CaClL).10H,0  (4)

Asshown in Fig. 6(a) to (n), the specimens started to change
color to white due to the crystallization of salt particles at the
sides of the specimens. The salt was found in both the CFGC
and BFRFGC, and no physical damage or deterioration of
the specimens was detected. Wang et al.*? studied the perfor-
mance of concrete with GGBS under a seawater exposure
environment and found that the samples with GGBS showed
better resistance to corrosion than conventional samples.
The results obtained in this study for BFRFGC without
coarse aggregate showed similar performance as found in
the literature, and no erosion of the sample was found. When
the specimens were exposed to direct seawater, the calcium
hydrates reacted with chlorine and formed Friedel’s salt, as
given in Eq. (4). This salt blocked the pores, thus reducing
the chlorine permeability and resulting in salt crystallization.
In the BFRFGC, due to the presence of GGBS and its fine-
ness, the permeability was less, leading to more crystalli-
zation of salt particles on the surface. Thus, the BFRFGC
showed better resistance to seawater, and a change in color
to white was observed due to the salts settled at the sides of
the specimen.

Change in weight—As shown in Fig. 7, exposing the CFGC
and BFRFGC to seawater resulted in increased weight of the
specimens at different inspection periods. The percentage
gain in weight was less for the BFRFGC specimens than for
the CFGC specimens. A weight gain of approximately 2.6%
and 1.27% was found for the CFGC and BFRFGC at 84 days
of direct exposure to seawater. The BFRFGC showed a lower
weight gain of 51.15% than CFGC at 84 days of exposure
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(b) BFRFGC

(a) CFGC

Fig. 8—Failure of specimens in compression when exposed
to seawater for 84 days.
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Fig. 9—Percentage change in compressive strength of spec-
imens when exposed to seawater.

to seawater. Wang et al.3? studied concrete performance with
GGBS under a seawater exposure environment. A gain in
weight was observed at the initial stages of exposure, with
a reduction in the mass of the specimen at the later stages
upon continuous exposure. The durability characteristics of
Huijun et al.3® on concrete exposed to seawater environments
show a reduction in weight upon continuous exposure. The
referred literature shows contradictory results. The results
obtained in this work on CC were similar to those obtained
by Wang et al.,*? even without coarse aggregate. The weight
gain was noticed at the initial ages due to the slow attack of
seawater. The most common phase present in the portland
cement was monosulfoaluminate, which, when exposed to
seawater, reacts with the chlorine present in it, leading to
the formation of ettringite and resulting in weight gain at
initial ages. With continuous seawater exposure, the concen-
tration of chloride ions increases in the specimen, leading
to the direct phase transformation of monosulfoaluminate to
Friedel’s salt.*® This process of dissolution results in volu-
metric expansion of the specimen, leading to its disruption
and resulting in reduced weight at later ages. Thus, from
the aforementioned results, it was clear that exposure to
seawater had less of an effect on the BFRFGC compared to
the CFGC.

Change in strength—The change in the strength of the
CFGC and BFRFGC specimens when exposed to seawater

ACI Materials Journal/March 2025

continuously was studied and is shown in Fig. 8. Not much
difference in failure mode between the two matrixes was
noted. Figure 9 indicates the improved compressive strength
of the CFGC and BFRFGC when exposed to direct seawater
at different inspection periods. Figure 9 shows that when
the CFGC and BFRFGC were exposed to seawater, their
compressive strengths increased. The gain in strength was
observed until 28 days of exposure, and it started to decrease
on further exposure. The BFRFGC showed a higher gain in
compressive strength than the CFGC.

A gain in compressive strength of approximately 1.31%
and 2.85% was found in the CFGC and BFRFGC, respec-
tively, when exposed directly to seawater for 84 days. The
BFRFGC showed a 54.03% higher strength gain than the
CFGC at 84 days of exposure to seawater. From the results
obtained, it was clear that BFRFGC shows better resistance
to seawater than CFGC. Jau and Tsay*’ studied the resis-
tance of slag-based concrete to seawater and observed more
of a reduction in compressive strength than CFGC when
exposed to seawater. The weight gain was due to the forma-
tion of ettringite at the initial ages of exposure by spending
the calcium hydroxide, as discussed in the previous section.
BFRFGC showed more weight gain than CFGC due to the
secondary hydration reactions that take place due to the
presence of GGBS. The higher concentration of chloride
ions suppressed the dissolution of monosulfoaluminate due
to the ion-exchange mechanism. Thus, from the aforemen-
tioned results, it was clear that BFRFGC, when exposed to a
marine environment, shows good resistance compared with
CFGC.

Effect of temperature

The CFGC and BFRFGC specimens were evaluated when
exposed to the elevated temperature of 200°C (392°F) for 2,
4, and 6 hours, for which the visual appearance of the spec-
imen and the change in weight and strength were evaluated.

Visual inspection—Figures 10(a) to (h) show that when
the CFGC and BFRFGC were exposed to a temperature of
200°C (392°F) for 2, 4, and 6 hours, hairline cracks were
observed in the CFGC with a color change to pale. No phys-
ical damage was observed in the BFRFGC specimen, but the
color started to pale. Alaskar et al.*! studied the performance
of BF concrete under higher temperatures, and a slight
color variation was observed, and cracks were found on the
surfaces. The results obtained in this study are contradictory
to the referred literature. The change of color to pale was due
to the loss of capillary water present in the specimen.

Change in weight—The change in weight of the CFGC
and BFRFGC specimens when subjected to the elevated
temperature of 200°C (392°F) was studied. As shown in
Fig. 11, the weight of the CFGC and BFRFGC specimens
reduced with the duration of exposure. The BFRFGC showed
less of a reduction in weight than the CFGC. After exposure,
a reduction in weight of approximately 2.9% and 2.44% was
observed for the CFGC and BFRFGC, respectively.

The results show that the BFRFGC showed better resis-
tance to the temperature than the CFGC, with a lower
weight loss of 15.92% compared to the CFGC. Li et al.*?
studied the properties of concrete with GGBS at elevated
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(c) CFGC at 2 hrs of exposure

() CFGC at 4 hrs of exposure
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(g) CFGC at 6 hrs of exposure (h)BFRFGC at 6 hrs of exposure

Fig. 10—Visual appearance of specimens exposed to 200°C
(392°F).
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Fig. 11—Percentage loss of weight of specimens when
exposed to elevated temperature.

temperatures and found that the weight reduction upon
exposure to elevated temperature was identical to the present
study. When specimens are exposed to temperature, the
free water in the specimen evaporates first, and on contin-
uous exposure, the decomposition of phases starts, leading
to weight loss. However, in the case of the BFRFGC, the
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(a) CFGC (b) BFRFGC

Fig. 12—Fuailure of specimens in compression when exposed
to 200°C (392°F) for 6 hours.
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Fig. 13—Percentage loss of strength of specimens when
exposed to elevated temperature.

weight loss was less than the CFGC due to the accelera-
tion of secondary hydration reactions on exposure to higher
temperatures. Thus, it was clear that the BFRFGC showed
better resistance to the temperature effect than the CFGC.
Change in strength—The loss of strength of the BFRFGC
specimen when subjected to the elevated temperature of
200°C (392°F) was studied, and the failure mode of both
the matrixes after 6 hours of exposure is shown in Fig. 12.
The failure mode obtained for both the matrix specimens
was the same. Figure 13 indicates the weight gain of the
CFGC and BFRFGC when different durations of expo-
sure were studied. As shown in Fig. 13, the compressive
strength of the CFGC and BFRFGC specimens reduced with
the duration of exposure. The BFRFGC showed a 33.21%
reduction in compressive strength compared to the CFGC.
The maximum reduction in compressive strength observed
for the CFGC and BFRFGC was approximately 26.65%
and 17.8%, respectively. The results clearly show that the
BFRFGC showed better resistance to temperature than the
CFGC. Alaskar et al.*' studied the properties of concrete
with BF at elevated temperatures. A decrease in compres-
sive strength was observed, but it showed better resistance
when compared with concrete without fiber content and was
similar to the current study for CC. The reduction in strength
was due to the dehydration of water in C-S-H, and it started
to decompose. GGBS is rich in silica content and takes time
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Fig. 14—XRD analysis of FGCC samples at different
conditions.

to start the hydration process. However, when GGBS was
used as a partial replacement for cement, the cement content
initially started the hydration reaction, and the GGBS started
to react slowly. When the specimen was exposed to higher
temperatures, the hydration reaction started to react due
to the GGBS content—that hydration reaction is called
secondary hydration, and it led to higher strength than the
CFGC. However, when the specimen was exposed continu-
ously to a higher temperature, the water content responsible
for the hydration started to dehydrate, resulting in strength
reduction.

Microstructural characteristics

The microstructural characteristics were observed for the
CFGC and BFRFGC samples at atmospheric and different
exposure conditions through X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), thermograv-
imetric analysis (TGA), and scanning electron microscopy
(SEM) with energy-dispersive X-ray spectroscopy (EDS).

X-ray diffraction—The XRD analysis was carried out for
the CFGC and BFRFGC after 28 days of water curing and
for the BFRFGC after being exposed to sulfuric acid and
seawater for 84 days and elevated temperature of 200°C
(392°F) for 6 hours, as shown in Fig. 14. C-S-H, calcite,
silica, portlandite, alumina, and albite were the major phases
present in the samples. Ettringite and calcium oxide were the
minor peaks observed in the FGCC samples. C-S-H was the
primary element responsible for strength and durability char-
acteristics. The significant peaks found for different samples
with 26 values of 26.56, 29.8, and 50.1 degrees represent the
presence of C-S-H.

The peaks at 23.9 and 27.9 degrees indicate the presence
of albite, while the peaks at 20.9 and 60.1 degrees were due
to the presence of silica. The peaks at 18.1 and 34.1 degrees
indicate the ettringite formation, while the minor peaks at
23 and 39.5 degrees were due to the presence of calcite.
The peaks at 28.1 and 23.9 degrees were formed due to
the presence of alumina. The peaks obtained at 32.2 and
42.9 degrees represent the phases of calcium oxide and
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Fig. 15—FTIR analysis of FGCC samples at different
conditions.

alumina, respectively. The intensity of the XRD peaks was
reduced for samples exposed to sulfuric acid, seawater, and
elevated temperature compared to the CFGC and BFRFGC
samples.

The degree of crystallinity was 14.46%, 18.13%, 23.5%,
19.06%, 16.18%, and 13.22% for the CFGC and BFRFGC
samples when exposed to sulfuric acid, seawater, and
elevated temperature, respectively. Munjal et al.¥* and
Yalginkaya and Copuroglu* studied the effect of GGBS as
a partial replacement of cement in concrete under different
curing conditions and GGBS on ultra-high-performance
concrete and found C-S-H, calcite, and portlandite were the
significant elements present, similar to the current study on
CC. The degree of crystallinity was found to increase based
on CH. The degree of crystallinity reduces when exposed to
different environmental conditions. This confirms the change
in the weight and strength of the BFRFGC when exposed to
different environmental conditions, as discussed earlier. The
degree of crystallinity was reduced by exposing the samples
to different environmental conditions.

Fourier-transform infrared spectroscopy—The FTIR
analysis was performed to identify the bonds present in the
samples, and the degree of carbonation can be identified
from the graph. The FTIR analysis was carried out for the
CFGC and BFRFGC after 28 days of water curing and for
the BFRFGC after being exposed to sulfuric acid, seawater
for 84 days, and an elevated temperature of 200°C (392°F)
for 6 hours and is shown in Fig. 15. The bonds present in
the sample are identified from the infrared (IR) spectrum
chart. The bonds obtained between wave numbers 3500 to
3200 cm™ are strong intermolecular O-H bonds.
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The prominent peak of all the samples was found in
the range of 1200 to 900 cm™' and indicated the presence
of C-S-H in the matrix, which is the primary cause of the
increase in strength. The second significant peak was found
between the wave range of 1300 to 1550 cm™' and was
responsible for the carbon bond, and the peaks in the range
of 500 to 600 cm™! were due to the anhydrous calcium sili-
cate bond.

The degree of carbonation can be found from FTIR
analysis without using the phenolphthalein indicator. The
samples here were not exposed to accelerated carbonation
in the chamber, but the natural degree of carbonation in
atmospheric conditions was studied. The BFRFGC sample
exposed to sulfuric acid for 84 days had higher carbonation
than the other samples. The degree of carbonation was in
the higher hierarchical order of BFRFGC, CFGC, sample
exposed to seawater, sample exposed to elevated tempera-
ture, and sample exposed to concentrated sulfuric acid. The
BFRFGC and CFGC showed the same degree of carbon-
ation. Similarly, the samples exposed to seawater had the
same degree of carbonation and were slightly higher than
the BFRFGC and CFGC. Also, the samples exposed to
elevated temperatures were in the same range. However, the
degree of carbonation was remarkably higher in the case of
BFRFGC exposed to sulfuric acid for 84 days. Not much
variation in the intensity of peaks was found for other bonds.
Tanwar et al.’® studied the performance of GGBS-based
concrete. They found that the transmittance and wavelength
of samples, even after exposure to acid, almost remained the
same as the current study on CC. The carbonic aggregates in
the matrix, in the reaction with sulfuric acid, formed carbon
dioxide, which controls the formation of gypsum. Thus, the
FTIR curve of BFRFGC exposed to sulfuric acid showed a
higher degree of carbonation.

Thermogravimetric analysis—Simultaneous thermograv-
imetric/derivative thermogravimetric/ differential thermal
analysis (TG/DTG/DTA) was performed for the CC using
Bhatty’s method.*> Figure 16(a) indicates the mass loss of
samples at different phases of decomposition. The DTA
and DTG curves shown in Fig. 16(b) and (c) represent the
decomposition of phases and the type of reaction (endo-
thermic or exothermic). The four stages of mass loss of the
samples are confirmed in Fig. 16(a). The first stage of mass
loss was from 30 to 140°C (86 to 284°F), indicating the
evaporation of free capillary water present in the sample.*®
The next stage of mass loss occurred between 140 to 440°C
(284 to 824°F) due to the dehydration of the hydration phases
such as calcium alumina silica gel.*’ The subsequent stage of
mass loss was between 440 to 680°C (824 to 1256°F), which
was due to the dehydroxylation of portlandite.*® The next
stage of mass loss was due to the decarbonation of calcite
to calcium oxide between 680 to 900°C (1256 to 1652°F).
The mass loss of the CC specimens at the different stages is
given in Table 4. The reduction in mass of 14.84%, 12.76%,
12.28%, 8.65%, 8.22%, and 7.73% was observed for the
BFRFGC and CFGC samples exposed to acid, seawater, and
temperature, respectively.

As shown in Table 4, significant mass loss was due to
the evaporation of free water. As shown in Fig. 16(a) and
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Fig. 16—(a) TGA of FGCC samples at different conditions;
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(¢) DTG analysis of FGCC samples at different conditions.
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Table 4—Mass loss at different phases of TGA

% weight loss
Sample Ldh Ldx Ldc
CFGC 4.63 1.49 1.2
BFRFGC 1.1 1.68 1.74
BFRFGC exposed to acid 7.88 2.81 1.26
BFRFGC exposed to seawater 6.31 3.02 1.54
BFRFGC exposed to temperature 2.28 2.43 1.57

Note: Ldh is dehydration; Ldx is dehydroxylation; and Ldc is decarbonation.

(b), the mass loss was lower for BFRFGC and higher for
BFRFGC exposed to sulfuric acid and seawater. The DTG
curve obtained for all the samples is shown in Fig. 16(c).
The first endothermic peak in Fig. 16(c) between 140 and
440°C (284 and 824°F) indicates the hydrates’ decomposi-
tion and free water’s evaporation. The second endothermic
peak is in the range of 440 to 680°C (824 to 1256°F). The
third endothermic peak from 680 to 900°C (1256 to 1652°F)
represents the dehydration of Ca(OH), due to the decarbon-
ation of calcium carbonates. However, the intensity of the
peak varied in all the samples. The peak shown between 100
and 200°C (212 and 392°F) in Fig. 16(a) to (c) is due to the
evaporation of free water and decomposition of ettringite.

The simultaneous TG/DTA/DTG analysis showed that the
mass loss was low in BFRFGC but increased when subjected
to sulfuric acid and seawater. The mass loss percentages
were contrary to the research findings by Snehal and Das*
on CC exposed to acid, alkali, and chloride environments
incorporating nanosilica particles. As the mass loss obtained
by BFRFGC was less compared to the reported study, it
confirmed the resistance of BF and GGBS to different
environmental conditions. The GGBS content leads to the
secondary hydration reaction as GGBS reacts slowly, and
this improves the thermal stability of the cementitious
matrix. The mass loss was lower for specimens subjected to
elevated temperatures than for samples exposed to sulfuric
acid and seawater. This confirms that BFRFGC was ther-
mally more stable.

Scanning electron microscopy with energy-dispersive
X-ray spectroscopy—The SEM images with EDS obtained
for the CFGC and BFRFGC samples exposed to different
environments are shown in Fig. 17(a) to (). From the SEM
images, it was clear that the CFGC shown in Fig. 17(a)
contained shrinkage and voids. Further, with BF addition
and by substituting GGBS partially instead of cement, the
voids were reduced and are clear in Fig. 17(b), and the
binding between the matrix and BF was confirmed from the
interfacial transition zone (ITZ).

The BFRFGC specimens, after exposure to different
environmental conditions, such as sulfuric acid, seawater,
and elevated temperature, are shown in Fig. 17(c) to (e),
and no damage to the fiber was noticed. When BFRFGC
was exposed to sulfuric acid voids, cracks were observed,
as shown in Fig. 17(c). The formation of cracks was due
to the internal pressure caused by volumetric expansion by
ettringites, as discussed earlier. Also, when the BFRFGC
was exposed to seawater, cracks and ettringite phases were

ACI Materials Journal/March 2025

noticed, as shown in Fig. 17(d). No damage was found in
BF exposed to seawater. The cracks were generated due to
the volumetric expansion caused by ettringite formation.
The ettringite phases disintegrated slowly, as seawater expo-
sure is a slow attack. Similarly, when BFRFGC was exposed
to temperature, voids and broken ettringite needles were
discovered, as shown in Fig. 17(e). It indicates the decompo-
sition of C-S-H when subjected to temperature. No damage
in BF proves its thermal resistance. The results obtained
through the SEM images confirm the observations of dura-
bility characteristics discussed earlier. This proves the high
resistance of BF and BFRFGC to different environmental
conditions.

From the EDS, calcium and silica were significant elements
in the samples. The silica content increased, and a reduc-
tion in calcium was observed in the case of the BFRFGC
compared with CFGC. When the specimens were exposed to
different environmental conditions, there was a variation in
calcium and silica contents. The calcium content increased
when the sample was exposed to sulfuric acid, and silica
was reduced. In a sample continuously exposed to seawater,
the calcium, oxygen, and silica contents were reduced with
higher iron content. In addition to these elements, chlorine
was present in the sample, which was continuously exposed
directly to seawater. No variation in elemental composition
was found for the sample exposed to elevated temperatures.
The increase in silica content in the BFRFGC was due to
the higher silica content in the GGBS. The calcium-to-silica
ratio in the CC helps to understand the strength characteris-
tics of the sample. The low calcium-to-silica ratio indicated
the formation of C-S-H, resulting in higher strength. The
EDS results in Fig. 17 confirm the strength characteristics
explained earlier. However, environmental conditions, such
as acid exposure and elevated temperature, did not affect
the elemental composition. However, the seawater-exposed
sample showed higher iron content and chlorine due to the
permeability of salt in the seawater.

CONCLUSIONS

It is desired to study the durability aspects of any construc-
tion material before applying it practically. The durability
characteristics of cementitious composites (CC) with basalt
fiber (BF) and ground-granulated blast-furnace slag (GGBS)
were studied with exposure to acidic and alkaline environ-
ments and elevated temperatures. The following conclusions
are drawn from the results obtained.

1. The fine-grained cementitious composites (FGCC) with
0.4% BF and 20% GGBS as partial replacement of cement
showed approximately 29% higher strength.

2. The durability strength characteristics of BF-reinforced
fine-grained CC incorporated with GGBS as a partial substi-
tution of cement (BFRFGC) were 61.87%, 31.65%, and
39.8%, respectively, better with exposure to sulfuric acid,
seawater, and a temperature of 200°C (392°F) compared
with CFGC, which proves the better resistance to different
environmental conditions.

3. The change in color of specimens with continuous
exposure to sulfuric acid was due to the formation of ferric
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oxide, and salt crystallization and deposits on the sides of
specimens in the case of seawater.

4. The microstructural characteristics prove the reason for
the better durability properties of BFRFGC.

5. Also, the lower impregnation of chlorides into the
specimen when exposed to seawater confirmed the reduced
voids.

From the overall observations, BFRFGC showed good
resistance to the acidic and alkaline environments and expo-
sure to higher temperatures. The improvement in durability
characteristics was mainly due to the addition of GGBS, as
it induces the dilution effect in the matrix and reacts slowly
under different conditions, which induces the secondary
hydration reaction. Thus, by using BF and GGBS in combi-
nation with the cementitious matrix, its durability character-
istics can be improved.
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Impressed Current Cathodic Protection with Near-Surface-

Mounted Titanium Retrofit Bars
by Amanda K. Slawinski, Christopher Higgins, and O. Burkan Isgor

Titanium alloy bars (TiABs) have recently been accepted as a struc-
tural material for near-surface-mounted retrofit (NSMR) of rein-
forced concrete structural elements. This paper shows that TiABs
in NSMR applications can be used simultaneously as anodes in
impressed current cathodic protection (ICCP) to prevent corro-
sion of the existing reinforcement. Following a successful proof-
of-concept study performed for small-scale prisms, dual-purpose
TiABs were used as longitudinal and shear reinforcements to
retrofit large-size structural beams. Prior to structural tests, the
specimens were investigated to characterize the TiAB functionality
within the ICCP system. During ICCP, cathodic potentials were
in the expected linear region of the cathodic polarization curve of
the steel reinforcing bars, and the 100 mV potential shift (decay)
criterion following shutoff was satisfied upon the interruption of’
the protection current. The applied current and potential to achieve
the required cathodic potentials were stable and were satisfactorily
maintained while achieving the structural retrofit requirements.

Keywords: cathodic protection; corrosion; reinforcement; reinforcing bar;
retrofit; steel; titanium.

INTRODUCTION

Strengthening reinforced concrete structures using the
near-surface-mounted retrofit (NSMR) technique is an
established approach in structural engineering practice.'?
Besides conventional fiber-reinforced polymer-based
retrofitting materials, in recent years, titanium alloy bars
(TiABs) have been shown to effectively and economically
increase shear and flexural strength of existing reinforced
concrete structures.>?

Titanium is a widely used anode in impressed current
cathodic protection (ICCP) systems to mitigate reinforcement
corrosion issues in existing structures.* In these ICCP systems,
ASTM Grade 1 or 2 titanium is typically used as anodes in
the form of embedded welded wire reinforcement, strips, or
discrete anodic bars.’ These titanium anodes are often coated
with mixed metal oxides (MMOs) such as iridium oxide or
ruthenium oxide to increase their efficiency, stability, and
durability.® In conventional ICCP systems, titanium anodes
only serve to provide the necessary impressed current to
protect the existing reinforcement from corrosion and do not
provide any structural benefits. The use of TiABs as an NSMR
material creates the unique opportunity for a multi-functional
(dual-purpose) solution that can provide immediate capacity
restoration, and when integrated into an ICCP system, can
also mitigate future reinforcement corrosion issues in existing
structures, which is the focus of this paper.

The opportunity to use TiABs that combine strengthening
with corrosion protection offers the potential for achieving
multiple objectives for restoration of corrosion damaged
infrastructure. Although TiABs have been shown to perform
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well for retrofitting applications, their efficacy in providing
the necessary cathodic protection has not been studied
when they are used as an NSMR material. Present design
and construction guidelines are available for strengthening
bridges with NSMR-TiABs,” and the chemical and physical
characteristics of TiABs for use in NSMR applications are
prescribed in ASTM B1009-18.% Typically, TiABs that are
used as NSMR material are made up of the Ti-6Al-4V alloy,
which corresponds to ASTM Grade 5.% Because TiABs are
not specifically developed for ICCP applications, they are
not MMO coated. The lack of surface coating might have
implications with respect to their ICCP performance and
durability and requires further investigation.

Another challenge with using NSMR-TiABs as anodes in
ICCP applications is related to the installation procedures
that are developed for the NSMR applications. In a typical
NSMR application, TiABs are installed in the grooves cut
into the surface of structural elements and bonded to the
concrete substrate with epoxy resins.” Because embedment
in epoxy electrically isolates the TiAB from the surrounding
materials, epoxy-embedded TiABs cannot function as
anodes to impress current that can protect the existing rein-
forcement from corrosion. Therefore, an alternative installa-
tion procedure and mounting material are needed for ICCP
applications. In this work, non-shrink conductive grouts
were developed to maintain electrical conductivity at the
interfaces between the ICCP anode and the protected rein-
forcement. Another important consideration is the electrical
connectivity to the TiAB anodes within the ICCP system.

The main objective of this paper is to address the major
challenges associated with using dual-purpose TiAB anodes
in NSMR/ICCP applications. The paper first reports on the
electrically conductive structural grout developed for the
NSMR/ICCP application. Next, small-scale prism tests
were used to study the ICCP parameters in different TiIAB
and installation settings. Finally, the ICCP performance of
TiAB anodes is presented from their use as NSMR-TiABs
for the structural retrofit of a large-scale beam undergoing
active corrosion.

RESEARCH SIGNIFICANCE
The annual cost of corrosion in civil infrastructure in the
United States is estimated at over $25 billion, and a large
proportion is ascribable to corrosion of the embedded
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reinforcing steel in concrete. Approximately 15% of over
600,000 bridges in the United States are identified as struc-
turally deficient, many due to corrosion issues. NSMR is an
established technique to retrofit structurally deficient bridges
and other structures, but the proposed approach described
here allows structural TiABs to be used for a secondary
purpose as ICCP anodes. This dual-purpose application
has the potential to revolutionize how structurally deficient
structures can simultaneously be strengthened and protected
from further corrosion.

EXPERIMENTAL INVESTIGATION
Materials

Electrically conductive structural grout (ECSG)—Two
commercially available high-strength grouts were selected
as options for installing TiABs in surface grooves of struc-
tural elements. Non-shrink grouts were required to satisfy
both the structural (NSRM) and electrical connectivity
(ICCP) requirements. The commercial grouts were designed
for repair applications and readily available from commonly
known and accessible manufacturers. The grouts were chosen
for their sulfate resistance in marine environments, freezing-
and-thawing resistance, fluid consistency over a 30-minute
working time, high placement versatility, and their recom-
mended use for the placement of anchors and dowels.

Carbon fibers (CFs) were incorporated in the grout
mixtures based on volume percentage to increase electrical
conductivity of the grouts.”!® The use of CFs in a cementi-
tious mixture required the addition of a dispersion agent to
prevent fibers from clumping together. The dispersion agent
used was methyl cellulose, which was added to the mixtures
based on percent by weight of grout.! Carbon black (CB)
was also considered as a material that could impact the elec-
trical conductivity (or resistivity) of the grout, and it was
combined with carbon fibers in the grout mixture by percent
volume.® Variables considered in the grout design included
the brand of commercial grout, CF content and fiber length,
CB content, methyl cellulose content, and quantity of high-
range water reducer (HRWR).

Three different CF lengths were used to determine the effect
on both resistivity and compressive strength. All the CFs were
unsized, milled polyacrylanitrile (PAN) fiber with a carbon
content of 94% or greater in accordance with ASTM D5291-
16."" They had a diameter of 7 to 9 microns and a tensile
strength of 2.0 to 3.8 GPa (290 to 551 ksi). The NSMR design
application for the grout prescribed the use ofa I x 1 in. (25.4 x
25.4 mm) square groove and a 1/2 x 1/2 in. (13 x 13 mm)

square groove for the placement of No. 5 and No. 2 TiABs,
respectively.” Due to the small groove sizes, short CF lengths
were considered more appropriate for the application. The
fiber lengths ranged from 350 microns to 0.24 in. (6 mm). The
recommended amount of CF content in concrete is less than
1% by total volume of grout.!” This CF content recommended
in existing research considers percentage volume for concrete,
which includes large aggregates in its composition, so the
volume percentage was adjusted for grout, by correcting for
the absence of large aggregates. Volume percentages consid-
ered were 0.1, 0.2, and 0.4% for the carbon content in the
grout mixture. Table 1 provides the details of the grout matrix
based on CF size and content.

Both commercial grouts were first cast without the addi-
tion of any CFs to produce control samples to compare with
baseline resistivities and compressive strengths. The grout
exhibiting the lower resistivity was then mixed with CFs to
observe their effect on the compressive strength and resis-
tivity. The intention was to create a grout mixture that was
both strong and had a low resistivity, thereby creating a
conductive grout mixture to improve the performance of the
ICCP system. For each test mixture, three grout cylinders
measuring 4 in. (100 mm) diameter by 8 in. (200 mm) in
height were cast to measure resistivity through a bulk resis-
tivity test per ASTM C1876-19.'2 A total of six 2 in. (50 mm)
grout cubes were cast to test compressive strength according
to ASTM C109/C109M-16a.* Municipal tap water was
used in all mixtures to replicate field conditions. All grout
cylinders and cubes were cured in a fog room to create an
idealized curing environment.

Methyl cellulose was used in all mixtures at a quantity
of 0.2% by weight of the grout mixture. The addition of
both the methyl cellulose and the CFs had an impact on
the viscosity of the mixture when combined with water.
To improve workability and ensure fluidity of the mixture,
the addition of a HRWR admixture was also required. The
commercial HRWR admixture used recommended a volume
in the range of 2 to 12 fl oz per 100 Ib (130 to 780 mL per
100 kg) of cementitious materials. The HRWR admixture
was added to grout mixtures for applications in the prisms
and beams at the maximum range of the recommendations.

After the combination that resulted in the lowest resistivity
was determined, CB was added to that mixture to determine
the influence on the grout resistivity. Two different quan-
tities of CB were tested on the grout in combination with
CFs to assess the change in resistivity and strength. CB was
added at volume percentages of 0.16% and 0.30%. The best

Table 1—Carbon fiber content matrix for electrically conductive structural grouts

CFs
Commercial grout Control (no fibers) % CF by volume MO 3 mm (0.118 in.) Milled (350 pm)
0.1 1-CF-0.1-6 1-CF-0.1-3 1-CF-0.1-M
1 1-C 0.2 1-CF-0.2-6 1-CF-0.2-3 1-CF-0.2-M
0.4 1-CF-0.4-6 1-CF-0.4-3 1-CF-0.4-M
0.1 2-CF-0.1-6 2-CF-0.1-3 2-CF-0.1-M
2 2-C 0.2 2-CF-0.2-6 2-CF-0.2-3 2-CF-0.2-M
0.4 2-CF-0.4-6 2-CF-0.4-3 2-CF-0.4-M
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Table 2—Properties of metal bars used in this study

Grade 40 (280) steel Grade 60 (420) steel
Property (No. 4 [13M]) (No. 9 [29M]) Ti-6Al-4V (No. 2 [6M]) | Ti-6Al-4V (No. 5 [16M])
Nominal diameter, in. (mm) 0.50 (13) 1.125 (29) 0.25 (6) 0.625 (16)
Effective cross-sectional area, in.> (mm?) 0.20 (129) 1.00 (645) 0.049 (32) 0.31 (200)
Minimum yield stress, ksi (MPa) 40 (275) 60 (415) 130 (900) 130 (900)
Actual yield stress, ksi (MPa) 52 (359) 68 (476) 136.3 (984) 142.7 (984)
Actual tensile strength, ksi (MPa) 81 (558) 102 (703) 150 (1034) 154 (1062)
Nominal modulus of elasticity, ksi (GPa) 29,000 (200) 29,000 (200) 15,550 (107) 15,500 (107)
Elongation, % 28 15 20 19

Table 3—ICCP test prism concrete mixture
proportions

wlc 0.55

Required concrete volume, ft? 1.85
Water, 1b/yd? 419
Cement, Ib/yd? 618

Coarse aggregate, Ib/yd? 1239
Fine aggregate, [b/yd? 1533
NaCl, Ib/yd? 15.3

Note: 1 Ib/yd® = 0.593 kg/m?; 1 ft* = 0.0283 m?.

combination of materials was used in subsequent tests and is
herein defined as the ERSG.

Reinforcing metals: Carbon steel reinforcing bar and
TiABs—Conventional carbon reinforcing steel was used
within the concrete elements as primary reinforcement. All
longitudinal bars were Grade 60 (Grade 420) steel and size
No. 9 (No. 29M) bars for both flexural tension and compres-
sion steel. Transverse steel was Grade 40 (Grade 280) steel
and size No. 4 (No. 13M) bars for all stirrups. The TiABs
correspond to ASTM B1009® Class 130 (having a minimum
yield stress of 130 ksi [896 MPa]). The bars used for trans-
verse bars were size No. 2 (No. 6M), and longitudinal bars
were size No. 5 (No. 16M), as shown in Fig. 1. The phys-
ical properties of the metal bars used in this study, based on
uniaxial tension tests per ASTM E8/E8M-16a'* are shown in
Table 2. Both sizes of TiABs were manufactured with surface
deformations to enhance bond along the length of the bars.'

ICCP prisms—Two small-scale test prisms were designed
and cast using an ordinary portland cement (OPC) concrete
mixture with a 0.55 water-cement ratio (w/c). The mixing
water contained 1.5% chlorides in the form of NaCl to ensure
the active corrosion of the embedded steel reinforcing bars.
The concrete mixture design closely matched the concrete
properties that were widely used in bridges constructed during
the mid-twentieth century. Type I/II cement was used. The test
prisms were cast with an 8 x 6 x 18 in. (200 x 150 x 460 mm)
profile. The mixture proportions are shown in Table 3.

The prisms were cast with two No. 9 Grade 60 (No. 29M
Grade 420) and two No. 4 Grade 40 (No. 13M Grade 280)
carbon steel bars protruding through one end of the
concrete’s surface so that an external electrical connection
could be established between pieces of reinforcing bar.
Reinforcing bar pieces were 18 in. (460 mm) in length and
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Fig. 1—TiAB profiles: (a) No. 2 (No. 6M) bar (diameter =
0.25 in. [6 mm]); and (b) No. 5 (No. 16M) bar (diameter =
0.625 in. [16 mm]).
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Fig. 2—Cross section of ICCP concrete test prism. (Note:
Units in inches; 1 in. = 25.4 mm.)

extended approximately 1 in. (25.4 mm) beyond the end
of the prism. Before the prisms were cast, the ends of the
carbon steel bar were drilled and tapped. This permitted the
electrical connection at the steel for ICCP. Fasteners were
secured into the ends of the exposed reinforcing bar, and
copper wire was wrapped tightly around the fasteners to
externally connect the circuitry between pieces of bar in the
prisms. This allowed ICCP to be applied to the system from
outside of the specimen. The exposed ends of reinforcing bar
were coated in epoxy. The cross section of the prism can be
seen in Fig. 2.

After the prisms cured under wet burlap for 28 days,
grooves were cut into the concrete for the NSMR-TiAB
placement. The No. 5 (No. 16M) TiABs were cast into 1 x
I in. (25.4 x 25.4 mm) grooves, and the No. 2 (No. 6M)
TiABs were cast into 1/2 x 1/2 in. (13 x 13 mm) grooves
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Table 4—Concrete mixture proportions from batch ticket (3 yd?)

Material Design quantity, per yd® Required Batched % Variation % Moisture | Actual water, gal.
3/4 in. (19 mm) coarse aggregate 1741 Ib 5342 1b 5290 Ib -0.97% 227% M 14
Sand 1392 1b 4428 1b 4420 1b —0.19% 6.04% A 30
OPC 470 1b 1410 1b 1397 Ib -0.92% — —
Air-entraining admixture 1.40 oz. 4.20 oz. 4.00 oz. -4.76% — —
Water-reducing admixture 23.50 oz. 70.50 oz. 68.00 oz. -3.55% — —
Cold water 31 gal. 43 gal. 47 gal. 10.43% — 47
NaCl 11.62 1b 34.91b 353 1b +1.25% — —

Note: 1 1b=0.454 kg; 1 02=29.57 mL; 1 L =3.79 gal.

using the ECSG as the bonding agent. After the ECSG
cured, ICCP was applied to the prisms so that the appro-
priate current range could be determined to achieve cathodic
protection. In these tests, the prism concrete was determined
to have a bulk resistivity of 3.77 kQ-cm and the ECSG
exhibited a bulk resistivity of 0.42 kQ-cm.

Large-size beams with NSMR-TiAB and ICCP—
OPC-based concrete for the NSMR-TiAB/ICCP beams
was supplied by a local ready mix company. The concrete
mixture design closely matched the concrete properties
that were widely used in bridges constructed during the
mid-twentieth century and as in the prism study described
previously. The design concrete compressive strength was
a minimum of 3300 psi (22.8 MPa). Mixing water included
1.5% chlorides in the form of NaCl to ensure the corrosion
of the embedded reinforcing bars. The salt was mixed into
batch water in the concrete truck; this produced active corro-
sion of the embedded steel. The proportions of the concrete
mixture are reported in Table 4. Concrete beams cured
under wet burlap for the first 14 days before formwork was
removed and concrete grooves were cut. The concrete had
a 28-day strength of 3387 psi (23.4 MPa), and a test-day
strength of 3839 psi (26.5 MPa).'® The bulk resistivity of the
concrete was measured as 4.96 kQ-cm from concrete cylin-
ders cast with the beams. The ECSG had a 28-day compres-
sive strength of 8600 psi (59.3 MPa)"* and a bulk resistivity
of 0.875 kQ-cm.

Carbon steel reinforcing bar was used as internal rein-
forcement in the beams. Because the beams were designed
to reflect the designs and details of aging highway bridges,
the reinforcing steel needed to represent what are now-
obsolete Intermediate Grade. This grade corresponds to
modern Grade 40 (Grade 280) reinforcing bar. Smaller-
diameter reinforcing steel bars are still available in Grade 40
(Grade 280) and these were used for the stirrups. Because
larger diameters bars are no longer available at Grade 40
(Grade 280), the longitudinal reinforcing steel required the
use of Grade 60 (Grade 420) bars, but smaller bar sizes
were used to account for the higher strength. Stirrups were
Grade 40 No. 4 (Grade 280 No. 13M) steel bars, and longi-
tudinal bars were Grade 60 No. 9 (Grade 420 No. 29M) steel
bars. To prevent anchorage failures, the steel longitudinal
bars were detailed to have 90-degree hooks at the ends. The
tails of the hooks were extended above the top of the beams
to allow connection of the steel to the ICCP system.
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For the ICCP application, electrical connections were
required to both the reinforcing steel and the TiABs. Because
the concrete was intentionally mixed with salt to produce a
corrosive environment in the beam, external access to the
steel was selected to prevent corrosion of wiring needed for
the ICCP application. A potentiostat was attached to each
of the flexural bars at the tail extension protruding above
the concrete surface for cathodic protection. The reinforcing
cages contained many individual bars that would generally
be in direct contact with each other and tied together with
bare steel tie wire. For this study, to isolate the participa-
tion of the flexural tension steel and stirrups, each of these
components was electrically isolated and insulated from the
others at their interfaces. Reinforcing bar cages were built
using small pieces of nylon tubes placed around the longi-
tudinal bars to insulate the longitudinal and transverse steel
and prevent a direct connection between them. Plastic zip
ties were used instead of traditional tie wire to construct the
cage. The combination of nylon tubes and the zip ties main-
tained insulation between the individual reinforcing bars
such that any applied current would be isolated to a single
bar. The insulation of one bar from another allowed direct
observation of how ICCP affected the different steel layers
and groups, effectively allowing bars to be incorporated into
or isolated from application of the ICCP. The reinforcing bar
cages in the two beams connected the top No. 9 (No. 29M)
steel bar to No. 4 (No. 13M) steel stirrups with tie wire to
allow for the selective addition or exclusion of the stirrups
and compression steel into the ICCP experiments.

The exposed ends of the longitudinal steel bars were
drilled and tapped, allowing for an external connection
between the steel and copper wires that were used to apply
ICCP. While there was no external means of connection for
the steel stirrups during casting, after the beams were fully
cured, a small hole was drilled through the concrete cover
to provide access to the side of a steel stirrup. The stirrup
was drilled and tapped, and an electrical connection was
established externally while ensuring that wired connections
were not lost to corrosion within the beam. The longitudinal
TiABs were drilled and tapped at the external side of the
bar’s hook, at the location of the bend, such that the connec-
tion protruded slightly from the side of the beam. Trans-
verse TiABs were surface prepared for a crimped electrical
connection just below the bend at the top of the bar hooks.
Copper wires extended from the sides of the grouted grooves
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for external connection between TiABs. A detail of such a
connection is shown in Fig. 3.

Two concrete beams were designed as shown in Fig. 4 and
5. One specimen was designed to produce a flexural failure
and deployed No. 5 (No. 16M) longitudinal TiABs. The
other specimen was designed to produce a diagonal-tension
(shear-dominated) failure and used No. 2 (No. 6M) trans-
verse TiABs. These beams varied in span and reinforcing bar
configurations. Both specimens were reinforced with TiABs
using the NSMR technique. Typically, NMSR is undertaken
by bonding the reinforcing material into surface-cut grooves

Fig. 3—Crimped No. 2 (No. 6M) TiAB electrical connection
for ICCP.

using a structural adhesive like epoxy. The adhesive has the
secondary effect of electrically isolating the NSMR from the
underlying reinforcing steel. However, an ICCP system that
uses the TIAB-NSMR as the anode must necessarily allow
ions to flow between the surfaces of the reinforcing steel
and anodes and therefore the TiABs cannot be electrically
insulated. Instead, the ECSG was used to bond the TiABs
into the saw cut grooves. Figure 6 shows the beams after the
installation of the near surface mounted TiAB bars. These
beams were tested structurally, and additional details of this
structural program are presented elsewhere.!”

Methods

Grout testing—Six cubes from each material combina-
tion were tested to failure, and the compressive loads were
averaged to determine the grout strength. Grout cylinders
were used to test resistivity to determine the influence of the
different constituent materials and combinations. Resistivity
was measured using a bulk resistivity test.!” A mixture of
standard dish soap and water was used to saturate sponges
that were placed between the top and bottom surfaces of the
concrete cylinders and the bulk resistivity testing apparatus.
The testing equipment was compressed to the surface of the
concrete and resistivity readings were taken.

ICCP testing of small-scale prisms—The open circuit
half-cell potentials (HCPs) of the prism specimens were
measured to determine the corrosion state of the embedded
reinforcing bar. The HCP was measured using a high-
impedance voltmeter and saturated calomel electrode (SCE)
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Fig. 4—Flexural beam: (a) span; (b) cross section; and (c) ICCP bar numbers. (Note: Units in inches, 1 in. = 25.4 mm.)
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Fig. 6—(a) Flexural beam specimen with TiABs (inverted for ease of TiAB installation); and (b) shear beam specimen with

TiABs (inverted for ease of installation).

following ASTM C876 guidelines.'® It was expected that the
premixed salts would cause active corrosion by introducing
chlorides to the system.

In typical cathodic protection applications for reinforced
concrete structures, the recommended current density to
achieve cathodic protection potentials is typically in the range
0f0.6 x 107 t02.5 x 10”7 A/cm?.!%2* Because every system is
different, a more scientific approach for choosing the current
density can be used through the actual polarization curve of
the system.'® In this research, the latter approach is used, and
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anodic polarization scans of the embedded reinforcing bar
were performed. The linear segment of the cathodic portion
of the polarization curve is used as the range for the oper-
ating cathodic potential and corresponding current density in
ICCP systems, as recommended by ICCP guidelines.'” The
polarization scans were performed using a stainless-steel
plate counter electrode placed on the concrete surface above
the measured reinforcing bar. A sponge that was saturated
with a conductive solution was used between the counter
electrode and the concrete surface. The polarization tests
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were performed using a potentiostat, with an SCE reference
electrode, the steel bar as the working electrode, and the
stainless-steel plate as the counter electrode. Because these
scans were performed using a stainless-steel counter elec-
trode without the use of a grout, the required ICCP current
was expected to be higher than the indicated range in the
potentiodynamic scans. Therefore, some trial-and error ICCP
runs were performed to fine-tune the ICCP applied current.

After the finalization of the applied current level, ICCP
was run for 5 hours using the potentiostat. After the 5 hours
of ICCP application, the cathodic current was switched off
and the HCP were measured against the SCE at the surface
of the concrete above a steel bar that spanned the length of
the prism. HCPs were recorded at four points evenly spaced
along the length of the prism at 10-minute intervals over a
4-hour period. These data were used to check the effective-
ness of ICCP using the 100 mV polarization shift criterion,
which states that a successful ICCP system would experi-
ence at least 100 mV of potential shift in 4 hours after the
conclusion of the cathodic current application.?%2!

ICCP testing of large-size NSMR-TiAB strengthened
beams—Using the results from the prism tests, ICCP was
applied to the large-size beam specimens, adjusting for the
different surface areas of the reinforcing bars and TiABs
within the beams. As with the prism tests, the HCPs of the
beams were measured following ASTM C876 guidelines'®
to determine the corrosion state of the embedded reinforcing
bar. The measurement locations are shown in Fig. Al to
A3 of the Appendix. Like the prisms, anodic polarization
scans were performed to determine the linear segment of
the cathodic portion of the polarization curve to decide the
operating cathodic potential and the corresponding current
density in the ICCP application. The polarization tests were
performed for the No. 9 reinforcing bar at the bottom of the
flexural beam using the potentiostat, SCE as the reference
electrode, and a stainless-steel plate as the counter electrode,
following a similar setup as the prism potentiodynamic scans.

The polarization test informed the cathodic potential to
operate the ICCP setup, which was run for 5 hours. During
the ICCP application, HCPs of the reinforcing bar were
measured. After the 5 hours of ICCP, the cathodic current
was turned off and the HCPs were measured and recorded
at five locations along each No. 9 bar at 10-minute intervals
over the course of 4 hours. This data was also used to assess
the effectiveness of the ICCP using the 100 mV polarization
shift criterion, which states that a successful ICCP system
would experience at least 100 mV of potential shift in 4 hours
after the conclusion of the cathodic current application.2%2!

RESULTS AND DISCUSSION

Grout testing

Two commercial grouts were evaluated for compres-
sive strength and bulk resistivity before any additions or
modifications were made to the grout. The grout with the
lower resistivity was selected for further steps of the experi-
mental process. The two grout mixtures were cast following
commercial instructions, and the observed properties are
shown in Table 5.
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Table 5—Commercial grout test results

Commercial Average 28-day compressive | Average 28-day bulk
grout strength, psi (MPa) resistivity, kQ-cm
1 9532 (65.7) 15.36
2 10,008 (69) 4.65

Commercial Grout 2 had a substantially lower resistivity,
so it was used to investigate the influence of different CF
contents and sizes. Because the grout mixtures containing
CFsrequired the addition of a dispersion agent (methyl cellu-
lose), a control mixture was produced using only Commer-
cial Grout 2 with methyl cellulose. The bulk resistivity for
the grout with methyl cellulose was reduced to 3.56 kQ-cm
for a 23.4% reduction in resistivity compared to grout alone.
The compressive strength of the mixture was 8886 psi
(61.3 MPa), which corresponded to an 11.2% reduction in
compressive strength compared to grout alone.

Variations of CF size and content were tested, and results
are shown in Table Al (in the Appendix). The addition of
milled CFs did not substantially reduce the resistivity of
the grout mixture. The most notable reduction in resistivity
came from the mixture using 0.24 in. (6 mm) length fibers
at 0.4% CF content. This combination of materials was used
in subsequent experiments. The introduction of CB into the
mixture did not produce a meaningful reduction in bulk
resistivity. Only a 1% reduction was observed with the addi-
tion of CB compared to just CFs alone. CB is a challenging
material to work with due to the very small particle sizes, so
due to the cost/benefit balance, it was left out of the grout
mixture in subsequent ICCP experiments. The final mixture
consisted of Grout No. 2, methyl cellulose dispersion agent,
0.4% CF content with 0.24 in. (6 mm) long fibers, and
HRWR agent, and is herein referred to as the ECSG which
was used for all subsequent experiments. The ECSG was
used in bond tests to assess bonding between TiABs and the
concrete substrate, for the ICCP investigation in the prisms,
as well as for the large-size beam tests that combined NSMR
structural strengthening and ICCP applications. The bond
tests are reported elsewhere.!”

ICCP testing of small-scale prisms

Prior to running ICCP, HCP and polarization scans were
conducted. The HCP of the embedded reinforcing bar was
stable between —325 to —400 mV (SCE), which is indica-
tive of active corrosion, as was expected from the corro-
sive environment produced by adding salt (in the form of
NaCl) to the concrete mixture. The polarization scans are
shown in Fig. 7. The linear segments of the cathodic zone
of the polarization curves, as shown in Fig. 7, provide the
cathodic potential range that should be targeted in the ICCP
application. Although the No. 4 and 9 (No. 13M and 29M)
bars showed slightly different polarization behavior, this
range was found to be between —410 and 480 mV. Poten-
tials lower than —480 mV caused the loss of linearity in the
polarization curve. The corresponding current densities for
the cathodic range were 1 x 107 to 7 x 10° A/cm?, respec-
tively. These current densities required larger ICCP currents
in the ICCP of NSMR systems using TiAB anodes than
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Fig. 7—Potentiodynamic scan of steel reinforcing bar in
concrete prism.

expected from the potentiodynamic scans predicted (using
stainless steel plates and conductive sponge) in Fig. 7. It is
hypothesized that additional resistance was created by the
conductive grout and the resistance of the grout-concrete
interface that were not factors affecting the measurements
in the potentiodynamic scan setup. Also, it is possible that
because the TiAB bars were not MMO-coated, a larger oper-
ating ICCP current was needed. Nevertheless, the potentio-
dynamic scans provided in Fig. 7 offered a good starting
point for selecting the ICCP current.

To fine-tune the ICCP current, several trials of ICCP
applications were made. These runs are not presented here,
but experimental data generated a better understanding
and starting point for conducting ICCP on a larger scale.
Although not shown here, additional attempts to run ICCP
on the prisms started with the operating range shown in
Fig. 7, which was also aligned with the recommended range
in the literature. However, when these current densities were
applied during ICCP, the 100 mV criterion was not satis-
fied. This could be attributed to a combination of factors
including not having an MMO coating on the TiAB anodes,
the resistance of the grout, as well as the resistance of the
grout-concrete interface. After several trials, the operating
current for the ICCP application was selected as 4.40 mA,
which corresponded to a 1.67 x 10~ A/cm? current density
on the protected reinforcing bar surface, which is higher than
ICCP current densities used in conventional cathodic protec-
tion of reinforced concrete structural elements.

ICCP started after 1 hour of HCP scans, which confirmed
stable reinforcing bar corrosion at the open circuit condi-
tions to verify that previous ICCP iterations did not affect
the test. After HCP measurements, the ICCP application was
initiated and sustained for 5 hours. During the ICCP appli-
cation, HCP of the bars were measured, which indicated that
reinforcing bar potentials ranged from —450 mV (SCE) to
—550 mV (SCE), depending on the measurement location.
Although the potentials at some of the measurement loca-
tions were lower than the aimed potentials in the linear
segment of the cathodic portion of the polarization curve,
they were stable and higher than the hydrogen evolution
potentials. These stable potentials also indicate that electrical
resistivity of the grout surrounding the TiAB did not change
considerably, which suggests that chemistry of the grout
remained unchanged. However, it is also acknowledged that
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Fig. 8—Depolarization of No. 9 bars in test prism after
ICCP is shut off-

these laboratory tests are rather short compared to field oper-
ations; therefore, long-term behavior should be investigated
further in the future.

After 5 continuous hours, the ICCP was shut off, and
potential shift was monitored through HCP measurements
taken at the surface above each reinforcing bar in the prism.
Measurements were taken every 10 minutes to record
changes in HCP readings over the course of 4 hours to deter-
mine if the 100 mV criterion was met. The potential shift
results after the termination of ICCP are shown in Fig. 8. As
shown in this figure, for all bars, depolarization of at least
100 mV was observed within 4 hours. This observation indi-
cates a successful ICCP outcome. The tests indicated that
the applied current could have been reduced to lower the
cathodic potentials below —485 mV (SCE) at some measure-
ment points, which corresponded to the lower end of the
ICCP operating range in the polarization scans, while still
maintaining the 100 mV criterion.

ICCP testing of large-size structural beams

Prior to running ICCP, HCP and polarization scans were
conducted for the large-size flexural and shear beam spec-
imens. All HCP data showed that beams were actively
corroding?? (these scans are not shown for brevity). Figure 9
illustrates a typical polarization scan of a longitudinal bar in
the flexural beam. The linear segment of the cathodic portion
of the polarization curve, as shown in Fig. 9, provides the
cathodic potential range that should be targeted in the
ICCP application. Although different bars and different
measurement locations showed slightly different polariza-
tion behavior, this range was found to be between —425 and
—700 mV. Potentials lower than —725 mV caused the loss
of linearity in the polarization curve. The corresponding
current densities for this range are 1 x 107 to 4 x 10”7 A/cm?,
respectively. As with the prisms, these polarization scans
were performed using a stainless-steel counter electrode that
was placed on the concrete surface; therefore, in the ICCP
application of NSMR systems using TiAB anodes (as in this
work), the current required to produce these current densi-
ties on the reinforcing bar surface was expected to be higher.
Nevertheless, the cathodic portion of the polarization curve
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for the steel bar provided information about the lower end
of the current range required to ensure cathodic protection.
The prism data provided insight into the application of ICCP
in the concrete substrate and the required current density for
the 100 mV criterion to be met, which informed the ICCP
experiments in the beams.

Prior to ICCP, it was confirmed that the bottom flexural
tension reinforcing bars in both beams remained electrically
isolated from each other. For the flexural beam specimen,
the four longitudinal No. 9 (No. 29M) bars were externally
connected with copper wire and attached to the potentio-
stat as the working electrode. The two longitudinal No. 5
(No. 16M) TiABs were connected externally with copper
wire and attached to the potentiostat so that the current was
applied to these bars as the counter electrode.

While bottom longitudinal reinforcing bars were isolated
from the steel stirrups using nylon tubes and plastic zip ties,
the top longitudinal bars and stirrups were tied together
using standard tie wire so that the steel stirrups and top bars
in the shear beam were electrically connected. An external
connection was made to a steel stirrup that allowed for an
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Fig. 9—Polarization scan of longitudinal reinforcing bar
in flexural beam at selected measurement point. Other bars
and measurement locations showed similar patterns, there-
fore, they are not shown.
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additional ICCP experiment in the shear beam. Two ICCP
experiments were performed in the shear beam. The first
used the No. 2 (No. 6M) TiABs as the counter electrode,
while the five externally connected bottom steel bars acted
as the system’s working electrode. The second used the
externally connected No. 2 (No. 6M) TiABs as the counter
electrode, while the steel stirrups and top bars acted as the
working electrode.

In the flexural beam specimen, ICCP was conducted with
an applied current of 143.9 mA, which translated to a current
density of 8.28 x 1076 A/cm? on the protected reinforcing bar
surface. For the shear beam specimen, the applied current
was 102.5 mA to protect the five No. 9 (No. 29M) bottom
bars, which resulted in a current density of 5.62 x 107° A/cm?
on the protected bar surface. An applied current of 55.5 mA
was used to protect the four No. 4 (No. 16M) steel stirrups
and the two No. 9 (No. 29M) top bars, which resulted in a
current density of 1.11 x 107> A/cm? on the protected rein-
forcing bar surface in the shear beam specimen. The current
densities varied for the different ICCP experiments. Based
on polarization data in the beams, the anticipated required
current density to cathodically protect the steel was on the
order of 107 A/em?. Observed current densities were higher
than anticipated to meet depolarization requirements. The
differential observed herein was similar to that observed for
the prism specimens and the theorized cause attributed to the
same influences.

The applied currents were stable throughout the ICCP
operation and did not require major adjustments to the
applied potential as shown in Fig. 10, establishing that even
without an MMO coating, TiAB bars were able to sustain
the required current, and the ECSG was able to serve as a
conductive medium between the TiAB anodes and concrete.
Although the potentials at some of the measurement locations
were lower than the aimed potentials in the linear segment
of the cathodic portion of the polarization curve, they were
stable and higher than the hydrogen evolution potentials. As
in the case of prism tests, these stable potentials also indicate
that electrical resistivity of the grout surrounding the TiAB
did not change considerably, which suggests that chemistry
of the grout remained unchanged. Furthermore, the struc-
tural testing after the completion of the ICCP study did not
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Fig. 10—(a) Applied current; and (b) resulting potential in flexural and shear beams during I[CCP.
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show any bond failure between TiAB and the ECSG. Further
details on the structural testing can be found in the thesis
by Slawinski.!” However, it is also acknowledged that these
laboratory tests are rather short compared to field operations.
Long-term performance of TiAB bars in ECSG within ICCP
systems, as well as the need for MMO coatings, will be
investigated in the future.

In the flexural beam specimen, the longitudinal rein-
forcing bar and TiABs were placed close to each other over
the length of the beam, such that the current density on the
bar surface was expected to be relatively uniform. For the
shear beam, the localized effects of ICCP could be observed
based on the proximity of TiAB stirrups to both steel stirrups
and longitudinal bars. If a steel stirrup was closer to a TiAB,
it received increased protection, and similarly, longitudinal
bars saw better protection at locations closer to TiABs than
at locations between TiABs stirrups.

ICCP was performed for 5 hours on the flexural beam spec-
imen. Once the system was turned off, HCP measurements
were taken with the SCE at the surface of the concrete above
the steel reinforcing bar. For the flexural beam, measure-
ments were recorded at five points along the length of the
four bottom longitudinal steel bars. The five points used
for potential readings were evenly distributed between the
ends of the beam as shown in Fig. Al. Measurements were
taken every 10 minutes for 4 hours to observe the change
in voltage over time. HCP readings were taken at the same
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locations along the beam for each reinforcing bar. Bars 1 and
3 were on the “front” face of the concrete beam, and bars 2
and 4 were on the “back” face. Bars 1 and 2 were the bottom
layers of steel, and bars 3 and 4 were the second layer of
steel. A diagram of the bar numbers for the flexural beam is
shown in Fig. 4. As can be noted, based on the data recorded
in Fig. 11(a) to (d), the 100 mV polarization shift require-
ment was met for each bar along all points of the beam, such
that cathodic protection was achieved for the test conditions.
For the shear beam specimen, two different ICCP condi-
tions were performed. First, the effect of ICCP on the steel
longitudinal reinforcing bars was observed. Second, the
effect of ICCP on the steel stirrups from the TiABs were
measured. The TiAB stirrups were located on only one half
of the beam, so measurements following both ICCP appli-
cations were only taken for the TiAB-reinforced half of the
beam. The effect of ICCP was monitored on the longitudinal
reinforcing bars, bars 1, 2, and 3 were the bottom steel, and
bars 4 and 5 were in the second layer of steel. Bars 1 and
4 were located on the “front” face of the concrete, while 3
and 5 were located on the “back” face. A diagram of the bar
numbers for the shear beam is shown in Fig. 5.
Measurement locations are depicted in Fig. A2, such that
points 1 through 5 along the length of the longitudinal bar
were evenly spaced along half of the length of the beam.
The measurement locations varied in their distance to the
TiABs. Point 5 was located towards the center of the beam
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Fig. 11—Depolarization of longitudinal steel reinforcing bar within flexural beam after ICCP is shut off-
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Fig. 12—Depolarization of longitudinal steel reinforcing bar in shear beam after ICCP is shut off.

beyond the last TiAB stirrup and, as expected, that location
saw the smallest change in potential after ICCP was termi-
nated. HCP results after stopping ICCP are shown in Fig. 12.
Both the transverse steel and TiAB stirrups were discretely
located, which meant that the distance from the steel to the
TiAB varied between adjacent stirrups based on the steel
stirrup number. Stirrup number increased from the end of the
beam in towards the center of the beam. Point 1 started at the
top of the beam on the “front” face of the concrete, and the
number increased as the location along the stirrup wrapped
around the base of the beam and up the “back” face of the
concrete. Points 1 and 2 were located on the “front” face of
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the concrete, point 3 was centered between the “front” and
“back” faces of the concrete at the beam soffit, and points 4
and 5 were located on the “back” face of the concrete beam.
Bar locations and stirrup numbers are shown in Fig. 5 and
9. Half-cell potential measurements were recorded and the
corresponding results for the 100 mV Polarization can be
seen in Fig. 13.

Experiments performed on both the flexural and shear
beam specimens demonstrate that the 100 mV criterion was
met, thereby proving that ICCP can be achieved with ASTM
B1009 Class 130 TiABs in NSMR applications. Both No. 5
(No. 16M) longitudinal TiABs and No. 2 (No. 6M) transverse
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Fig. 13—Depolarization of transverse bars in shear beam after ICCP is shut off.

TiABs were able to locally protect the steel reinforcing bars
in the concrete beam specimens. The installation of a consum-
able structural element provides a unique obstacle that requires
further investigation to monitor the impact on the structural
strength of the reinforced structural element over time to
ensure the expected lifetime. These experimental results show
for the first time that NSMR TiABs can be used as anodes
in an ICCP system, and this research creates an opening for
additional studies to explore this further. Studies performed
thus far have only explored short-term ICCP application, and
because ICCP systems are typically in place for approximately
20 or more years, additional research is needed to establish
the long-term durability and performance of this dual-purpose
application. There are several items that must be explored in
future research to develop a more robust knowledge of this
multifunctional application. While TiABs are impervious to
corrosion in conventional applications, the long-term corro-
sive behavior of the TiABs in ICCP systems requires further
study to ensure designs can achieve the expected service life.
It is recommended that an understanding of TiAB corrosion
products in the TiAB/grout interface, local acidification, as
well as the changes in electrochemical behavior of the grout
and the impact on the bond with the ECSG be properly evalu-
ated. Another area of interest is the exploration of MMO coat-
ings for TiABs. Because TiABs are not specifically developed
for ICCP applications, they are not MMO-coated.?> MMO
coatings for TiABs require development and could improve
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ICCP performance and delay consumption of the anode. Once
the questions about the long-term performance of the ICCP
process are resolved, the proposed dual purpose NSMR-ICCP
application has the potential to revolutionize how structurally
deficient structures can simultaneously be strengthened and
protected from further corrosion. The financial feasibility of
using TiAB-based NSMR systems has already been proven
in field applications. In a report by the Oregon Department
of Transportation,?* it was shown that using TiAB-based
NSMR process is approximately 30% cheaper than using
CFRP-based NSMR. With the added advantage of ICCP, the
proposed dual-purpose system has significant financial and
operational advantages over conventional NSMR techniques.

CONCLUSIONS

Titanium alloy bars (TiABs) have the potential to serve
a dual purpose in a combined near-surface-mounted retrofit
(NSMR) and impressed current cathodic protection (ICCP)
application. While structural retrofit applications using TiABs
as a NSMR material has been standardized,? prior work has
only considered epoxy bonding of the material that would
electrically isolate the TiABs from the surrounding concrete.
This study, for the first time, developed new materials and
approaches to deploy TiABs as a NSMR material that can
be used to both strengthen and preserve existing reinforced
concrete elements. The experimental results reported here
demonstrated that cathodic protection of steel reinforcement
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in reinforced concrete beams can be achieved using TiABs
in an electrically conductive structural grout (ECSG).

The research showed that an ECSG containing 0.24 in.
(6 mm) long carbon fibers (CFs) at a CF content of 0.4% by
volume provided the necessary electrical properties for [CCP
while satisfying structural requirements of the NSMR appli-
cation. Of the two commercial grouts that were tested, the
grout selected had a control resistivity 69.7% lower than the
alternative. The 0.24 in. (6 mm) long CFs at a CF content of
0.4% volume exhibited the largest drop in resistivity among
the experimental results. The lower resistivity increases the
efficiency of the ICCP system across material interfaces. The
ECSG was also shown to meet the bond strength require-
ments prescribed by the AASHTO design guide.”!”

Prism tests confirmed the feasibility of the ICCP setup
using TiAB anodes and the ECSG in the NSMR applica-
tion. The prism tests helped fine-tune the ICCP parameters,
including the applied current required to cathodically protect
the reinforcing steel, and the results informed the large-size
beam specimens with ICCP installations.

TiAB anodes were used to retrofit both longitudinal rein-
forcement in a beam that was designed to fail in flexure
(flexural beam specimen), and transverse reinforcement in
a beam that was designed to fail in diagonal-tension (shear
beam specimen). In both applications, it was found that
ICCP of the NSMR with TiABs setups were feasible and
cathodic potentials could be maintained in the linear region
of the cathodic polarization curve of the embedded rein-
forcing steel.

The applied current and potential to achieve the required
cathodic potentials were stable, and their stability was
not challenging to maintain during the ICCP application.
However, ICCP was only conducted for a relatively short
period of time, and the required applied currents were higher
than those typically used in conventional ICCP of reinforced
concrete elements of similar dimensions and reinforcing bar
detailing. This was attributed to the resistivity of the conduc-
tive grout, resistance of the grout-concrete interface, and the
fact that TiAB anodes were not mixed metal oxide (MMO)
coated. More research is needed for the long-term perfor-
mance of these dual-purpose ICCP systems. However, this
study provides a major advancement toward real-life appli-
cations by proving the concept of using dual-purpose TiAB
anodes for NSMR/ICCP applications.
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APPENDIX A

Table A1—Effect of CF addition to Commercial Grout 2

Carbon fiber Average 28-day compressive | Average 28-day bulk | % Change in average 28-day | % Change in average
content, % volume | Carbon fiber size, mm strength, psi (MPa) resistivity, kQ-cm compressive strength 28-day bulk resistivity
~0.350 (milled) 8356 (57.6) 5.27 -17% 13%
0.1 3 6296 (43.4) 3.48 —37% —25%
6 6987 (48.2) 422 -30% 9%
~0.350 (milled) 8425 (58.1) 2.37 -16% —49%
0.2 3 8561 (59) 0.40 —14% -91%
6 9214 (63.5) 2.28 —8% —51%
~0.350 (milled) 8963 (61.8) 1.86 -10% —60%
0.4 3 9279 (64) 0.29 1% —94%
6 8744 (60.3) 0.16 —13% —96%
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TTACI Chapter!

The American Concrete Institute has Chapters and Student Chapters located
throughout the world. Participation in a local chapter can be extremely
rewarding in terms of gaining greater technical knowledge and networking
with leaders in the concrete community.

Because chapters are distinct and independent legal entities, membership includes both ACI
members and non-ACI members and is made up of a diverse blend of architects, engineers,
consultants, contractors, educators, material suppliers, equipment suppliers, owners, and
students—basically anyone interested in concrete. Many active ACI members initially became
involved in ACI through their local chapter. In addition to technical programs and publications,
many chapters sponsor ACI Certification programs, ACI educational seminars, project award
recognition programs, and social events with the goal of advancing concrete knowledge.

To find a chapter near you, go to: https://www.concrete.org/getinvolved/chapters.aspx

Student Chapters

Join or form an ACI Student Chapter to maximize your influence, knowledge
sharing, and camaraderie! ACI has 240+ student chapters located throughout
the world, each providing opportunities for students to:

» Connect with their peers and participate in concrete-related activities such as: student
competitions, ACI Conventions, ACI Certification Programs, ACI Educational Seminars, local
chapter meetings, social events, and community service projects;

* Network with members of local chapters, many of whom have been in the industry for
decades and can help to develop professional relationships and offer career advice;

* Win recognition for their universities through the University Award; and

* Learn about the many scholarships and fellowships offered by the ACI Foundation and by
ACT’s local chapters.
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Mechanical Behavior of Textile Concrete under Uniaxial
Tensile Tests: Experimental Study
by J. Rizzo, E. S. Bastos, L. A. Reginato, P. M. Lazzari, and L. C. P. da Silva Filho

Through uniaxial tensile tests, the mechanical behavior of bone-
shaped concrete reinforced with glass textile and carbon textile
impregnated with epoxy resin was verified using a stress-strain
response curve. It was observed that elements reinforced with
glass fabric presented different mechanical responses depending
on the textile reinforcement rate. In samples with two layers of
glass fabric, three stages were formed, as predicted in the litera-
ture. In the specimens reinforced with only one layer, the structural
incapacity of the element was observed. For samples reinforced
with carbon textile, there were problems with slipping and spalling
caused by the concentration of stress at the ends of the piece. Even
so, it was possible to clearly determine the three stages in the curve
response of the material. The stresses experimentally obtained in
the elements reinforced with carbon textile obtained results approx-
imately five times greater than those of the glass fabric.

Keywords: carbon textile; glass textile; mechanical behavior; textile
concrete.

INTRODUCTION

The research and development of sustainable and environ-
mentally friendly products is a prominent challenge in most
areas of academic research. In civil engineering, the tech-
niques used in the construction of structural elements have
undergone relatively few technological advances compared
to other fields, such as the mechanical industry.

Textile concrete, also known as textile-reinforced concrete
(TRC) or fiber-reinforced polymer (FRP), is an innovative
construction material consisting of a high-resistance, fine-
grained cementitious matrix and textile fabrics capable of
resisting the tensile forces that occur upon fracture of the
concrete.!

The cement matrix where the textile reinforcement is
arranged is formed by a high-mechanical-resistance fluid
mortar, which can fill the tissue strands without requiring
externally induced vibration. However, as it presents charac-
teristics resembling high-performance concrete (HPC), the
literature has named the cement matrix as a fine concrete.>?
This explains the fact that several scientific studies carried
out in different countries name this composite material as a
textile concrete.*!2

In general, concretes used in conjunction with textile rein-
forcement exhibit high mechanical resistance. Moreover, the
combination of ultra-high-performance concrete (UHPC) 314
and HPC!%!3 with textile reinforcement can further enhance
the mechanical performance of the structure.

According to Scheerer et al.,'® research into textiles being
used as reinforcement in construction began in the 1980s in

ACI Materials Journal/March 2025

Germany and the United Kingdom. Based on the authors, in
the 1990s, Japan and Israel began studies on this material.

Through in-depth and comprehensive investigations,
Germany has established itself as a world leader in textile
concrete research.!'® Several structural elements made of this
composite material have already been built in this country,
such as bridges,'”"° facades,?® and innovative shell-shaped
structures.*?!

Between 1999 and 2013, Dresden University of Tech-
nology and RWTH Aachen University worked together to
evaluate the mechanical properties of TRC through the proj-
ects “DFG CRC 528” and “DFG CRC 532,” funded by the
German Research Foundation.?>?* These studies observed
that concrete reinforced with carbon textile presents great
potential for use in the construction industry.

The textile concrete walkway installed in 2007 in Allgéu,
Germany, called “Kempten,” was built in U-shaped segments
with a thickness of 30 mm (1.18 in.). It was reinforced with
four layers of alkali-resistant glass textile, and its segments
were secured by steel bars. Accounting for the recent mate-
rial developments, the four layers of glass textile could be
replaced by just two layers of carbon textile impregnated
with epoxy resin. This way, the work carried out to produce
the structure could be reduced by half, making the bridge
more cost-effective.!”

In 2015, in Albstadt, Germany, the first pedestrian bridge
that consisted of just two layers of carbon textile impreg-
nated with epoxy resin was built.?*?> This structure did not
need lateral stiffeners and steel bars like the Kempten bridge
mentioned previously. Consequently, this bridge, with a
span of 15.5 m (610.23 in.), was built in a monolithic format,
requiring just a few days to carry out the production process.

To verify the potential of TRC through its mechanical
properties, RILEM Technical Committee 232-TDT?® explain
that direct tensile tests are the most adequate. According to
Rawat et al.,> the mechanical behavior of textile concrete
directly depends on the shape, geometry, type of fiber, and
properties of the fabric. The mechanical behavior of textile
concrete differs from that of conventional concrete. Because
textile concrete lacks the ability for plastic deformation, these
structures do not exhibit plastic behavior prior to rupture.>?’
Thus, the behavior of textile concrete during uniaxial tests

ACI Materials Journal, V. 122, No. 2, March 2025.
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Fig. I—Transition points between stages of textile concrete
(adapted from De Santis et al.*®).

can be divided into three parts: Stages I, Ila, and IIb. These
are identified, respectively, by the elastic behavior of the
matrix, cracking of the matrix and stress redistribution to the
textile fabric, and load transfer to the textile fabric.

To assist in understanding the mechanical behavior of
textile concrete, De Santis et al.?® identified the transition
points between the stages of the composite material. As indi-
cated in Fig. 1, the transition between Stages I and Ila is
identified by the stress (o7) and strain (¢;) values. The inter-
section of the points that coincide with the end of Stage Ila
and the beginning of Stage IIb are called tension (oy;) and
deformation (¢y;). The rupture of the structure is marked by
the points corresponding to the peak of the curve, with the
maximum stress and strain being f; and ¢, respectively.

It is worth mentioning that De Santis et al.® identified the
last stage as Stage II1. However, German research by Jesse,?’
Molter,”” Kulas,?? and Voss® refers to this stage as IIb. To
standardize the nomenclature of the technical elements of
this study, the authors of this research chose to name the last
stage on the stress-strain response curve as IIb, as adapted
in Fig. 1.

Several parameters were analyzed during the research
on this composite material, such as the use of different
types of cement matrixes,'®3%3? the binding capacity
between the textile and the matrix,> textile concrete under
a harsh freezing-and-thawing environment,** the type of
textiles,”!131:33:3¢ textile pre-stretch,’” the addition of short
fibers in concrete,®3%4? textile impregnation techniques,”!'>*3
and test methods.”2628

Mattarollo et al.!® carried out studies evaluating the
mechanical behavior and mode of rupture with one layer
of carbon and basalt textile in an HPC inorganic matrix.
In this research, the authors also evaluated the addition of
short steel fibers to concrete. Through tests carried out on
24 samples, it was found that the carbon textile reached high
strength values, and it was observed that the textile pulled
out of the concrete during its rupture.

60

Colombo et al.!' analyzed three different glass textiles
under uniaxial tension tests, in which they evaluated the
effects of geometry, position, area of textile reinforcement,
curing method, and strain rate. The researchers identified
that in the case of the sample reinforced with one layer of
fabric, called “F1-1,” Stages II and IIb did not occur, with
only a few visible cracks forming in the structure and no
pattern of multiple cracks typical of concrete textile.

Preinstorfer et al.!> verified the cracking behavior of
different carbon textiles in a cementitious matrix through
144 direct tensile tests. The authors evaluated smooth
carbon textiles and those with a sand coating layer, varying
the concrete coverage between 5 and 30 mm (0.19 and
1.18 in.), and the geometry of the fiber strands. Regardless
of the textile surface, longitudinal cracks were observed in
tests with concrete coverage starting at 15 mm (0.59 in.).
Textiles with sand coating showed greater interlock with the
concrete, resulting in thinner and smaller cracks. In these
textiles, longitudinal cracks occurred at low load levels
around the entire specimen, with no displacement of the
concrete upon rupture. In uncoated textiles, longitudinal
cracks formed in later load stages, favoring the appearance
of concrete spalling.

Ortolan®® investigated two alkali-resistant glass textiles
from a Brazilian textiles company. In the direct tensile test,
the author analyzed that, for composites reinforced with
just one layer of both textiles, the constitutive law of the
mechanical behavior of the textile concrete was not verified
because the three stages of the stress-strain response curve
were not formed.

De Santis et al.?® carried out a series of direct tensile tests
to assist in the specifications of these tests, such as the geom-
etry, development, curing process, experimental configura-
tions, and measurement methods, among others. According
to the authors, there are three failure modes for textile
concrete. Rupture mode “A” is characterized by occurring
close to the claw area, with rupture of the textile; “B” is in
the middle of the sample; and “C” is in the gripper area due
to the slipping of the textile on the concrete.

Considering the importance of investigating more sustain-
able materials for civil construction, experimental research
was carried out through direct tensile tests of concrete rein-
forced with epoxy resin-impregnated carbon textile obtained
from a German reinforcement manufacturing company and
Brazilian glass textile from the aforementioned Brazilian
textiles company. In this research, the mechanical behavior
of the samples was evaluated through the stress-strain
response curves.

RESEARCH SIGNIFICANCE

The comparison between the German carbon textile,
which is considered among the most modern produced
worldwide, and the glass textile available in Brazil aims to
understand the differences between these two technologies
and verify, through experimental analysis, the properties of
these materials, adapted to the Brazilian inputs present in the
cement matrix developed in this study.

ACI Materials Journal/March 2025



EXPERIMENTAL INVESTIGATION
Cementitious matrix

The cement matrix used in this research was developed
according to the concrete dosage method created by Christ.**
Using this technique, it was possible to find the best propor-
tions of materials in the mixture, resulting in higher values of
tension and compressive strength of the concrete, allowing
great workability. This method worked with the parameters
of the components analyzed, according to the Andreasen and
Andersen packing method.

The first step was to determine the theoretical packing
curve of the materials using the Funk and Dinger equation.
The range of diameters chosen was from 0.3 to 400 pm
(1.1811 x 107 to 0.015748 in.). The percentage passing
in each diameter was calculated as indicated in Christ** to
obtain the theoretical packing curve of the mixture.

This curve was considered a reference in terms of compar-
ison with the mixture packing curve, obtained through the
quantities of materials in each analyzed diameter. Using the
mixture packing curve, the packing deviation index was
found. In this context, the mixture with lower values was
chosen to obtain better compaction and, therefore, a packing
curve closer to the theoretical packing.

Thus, using the tool in Microsoft Excel developed by
Christ,* the theoretical packing and mixing curves were
found. Through an iteration of the quantities of materials,
the mixture with the lowest packing deviation index value,
equal to 114.2, was chosen. Figure 2(a) shows the theoretical

Table 1—Mixture design of concrete

Component Content, kg/m?
Cement 471.26
Active silica 113.1
Fly ash 358.16
Calcium carbonate 334.59
Sand (0 to 400 pm) 966.08
Water-binder ratio 263.9
HRWRA 28.28
Viscosity modifier 9.43
Air detrainer 9.43

Note: HRWRA is high-range water-reducing admixture; 1 kg/m* = 0.06 Ib/ft>.

packing curve and the chosen mixture. The proportions of
materials chosen for the fine concrete in this study are shown
in Table 1.

Thin concrete was cast into cylindrical specimens
measuring 5 cm (1.9685 in.) in diameter and 10 cm
(3.93701 in.) in height to evaluate the compressive strength
according to ABNT NBR 5739:2018% and elastic modulus
according to ABNT NBR 8522-1:2021.%¢ All samples were
arranged in a humid chamber, with relative air humidity
equal to 98%. After 28 days of curing, mechanical tests were
carried out, resulting in an average compressive strength of
80.07 MPa (11.61 ksi), average tensile strength of 4.5 MPa
(0.65 ksi), and elastic modulus of 31.16 GPa (4519.37 ksi).

These results showed that the application of the dosing
method created by Christ* resulted in a fine concrete with
ideal characteristics to be used together with textile rein-
forcement, such as fluidity capacity and workability, as
demonstrated in Fig. 2(b), and high mechanical resistance.
The values of compressive strength, tension, and modulus
of elasticity are in line with the results for thin concrete
presented in the literature.®!%!1:32

Textile reinforcement

The textile reinforcements selected for the research were
the alkali-resistant glass textile from the Brazilian company
and the carbon textile with epoxy resin impregnation avail-
able from the German company, as presented in Fig. 3. It is
worth mentioning that the textiles used in this research are
donations provided by the mentioned companies, without
disclosing the value of the product.

The glass textile has a cross-sectional area of one fiber
strand equal to 1.8 mm? (0.0027 in.?) and an axial distance
between the grids of 10 mm (0.39 in.), according to the
characterization carried out by Dalazen*’ in the LEME labo-
ratory at the Federal University of Rio Grande do Sul in
Brazil. To verify its load capacity, a mechanical tensile test
was carried out on a warp filament of the aforementioned
fabric, in accordance with the parameters of ASTM D885/
D885M-10A(2014)e1.*® In this test, the average textile
tension found was 566.72 MPa (82.19 ksi).

According to information obtained by the manufacturing
company, the glass textile is impregnated with an acrylic
resin that has no structural function and is only used to
avoid failures in the weaving of the material during its use.
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Fig. 2—(a) Theoretical packing and packing of mixture; and (b) appearance of fine concrete. (Note: 1 um = 3.937 x 107 in.)
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However, this resin can help with the connection capacity
between the filaments, promoting the mechanical capacity
of the material. Therefore, this textile was considered to be
of the impregnated type.

The German carbon textile has a cross-sectional area of
one fiber strand equal to 0.9 mm? (0.001395 in%.), an axial
distance between the grids of 21 mm (0.82 in.), a textile
tensile strength of 4000 N/mm? (580.151 ksi), and is impreg-
nated with epoxy resin, with a structural function.

Mechanical behavior of composite material

The evaluation of the mechanical behavior of the TRC
was carried out using the direct tensile test, following recom-
mendations from RILEM Technical Committee 232-TDT?
and De Santis et al.?® The tensile test model was chosen by
adapting the Hinzen? test.

The dimensions of the test piece were selected according
to Hinzen,? adapting the width of the sample to 55 mm
(2.16 in.), to use three individual warp filaments of the
carbon textile and four warp filaments of the glass textile,

(b)
Fig. 3—(a) Glass textile;, and (b) carbon textile.

100,00 9.50

o)

55,00 8

500,00
250,00

@

in addition to the thickness of 9.5 mm (0.37 in.), as
demonstrated in Fig. 4(a), for the evaluation of one and two
layers of both textiles. Because textile concrete is a relatively
new material in the civil industry, there are still no standards
that recommend the minimum reinforcement value for this
material. Hence, further research is needed to evaluate these
materials.

It should be mentioned that this work was limited to the
analysis of only one layer of carbon textile reinforcement
due to the limitation of the gripper’s mechanical capacity.
Furthermore, different sample thicknesses were not consid-
ered due to the limitation of resources available for the
production of shapes and grippers.

The choice of the dog-bone shape was based on references
from German research such as Hinzen,?> Jesse,?” Molter,”
Voss,> and Kulas,”?> which are studies that evaluate the
mechanical tensile behavior of textile concrete pieces. These
dimensions are in accordance with the minimum values
recommended by RILEM Technical Committee 232-TDT.?

Preparation of samples for tensile test

The bone-shaped forms, used as a reference for the spec-
imen molds, were made of steel. After mixing the fine
concrete, the lamination technique was used to insert the
textile reinforcement into the mixture, in accordance with
RILEM Technical Committee 232-TDT’s?¢ guidelines.

In this technique, the first layer of concrete (Fig. 4(b))
was placed, followed by the layer of carbon or glass textile,
applying a small pressure to make it better “adhered” to the
cement matrix. Afterward, this procedure was repeated until
all layers of the samples were produced. As the concrete
is self-consolidating, there was no need for subsequent
vibration. It is worth mentioning that the thickness of the
thin concrete was controlled using a measuring ruler, as
demonstrated in Fig. 4(b).

Fig. 4—(a) Dimensions (in mm) of test piece, (b) first concrete layer, and (c) carbon and glass textile layers. (Note: 1 mm =

0.04 in.)
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Carbon Blanket

Carbon Blanket

(a)
Fig. 5—(a) Failure of sample; and (b) LVDT fixed in sample.

Technical test procedure

Direct tensile tests were carried out on samples aged
28 days in a tension machine with a capacity of 100 kN
(22,480.9 1bf) and a displacement rate of 1 mm/min
(0.04 in./min). According to RILEM Technical Committee
232-TDT’s*® specifications, a thin rubber layer of 1 mm
(0.04 in.) was placed between the steel plates and the test
piece to avoid excessive load concentrations in the location
during the procedure. In this test, the samples were analyzed
until their respective ruptures.

To improve rigidity in the extreme areas of the bone piece
and contribute to uniform stress distributions in the element,
two layers of carbon blanket with epoxy resin were fixed
on each face of the piece, as shown in Fig. 5(a). A linear
variable differential transformer (LVDT) with a 10 mm
(0.4 in.) cursor was fixed to one side of the sample to check
the displacement of the tested material (Fig. 5(b)).

Experimental test variables

The direct tensile test was carried out according to the
following items: a) four samples of thin concrete with one
layer of alkali-resistant glass textile; b) four samples of thin
concrete with two layers of alkali-resistant glass textile; and
¢) four samples of thin concrete reinforced with one layer of
carbon textile.

In total, 11 samples were analyzed in this experimental
study. One sample (CTG14), in which a layer of Brazilian
glass fabric was used, had to be disregarded due to failure
to read the LVDT during the technical test procedure. Spec-
imens reinforced with two layers of carbon textile were
tested, but due to the high resistance achieved by the mate-
rial, the fitting pin in the tension machine ended up breaking,
making it impossible to complete the analyses for inclusion

ACI Materials Journal/March 2025

(®)

CTCXXJ—vlndicates the specimen number.

~Represents the textile layer number.

»Reinforced with Carbon (C) or Glass (G).

Fig. 6—Sample identification scheme.

in this paper. The scheme adopted for naming the samples
verified in the tests can be seen in Fig. 6.

The specimens were placed in a humid chamber in the
LEME laboratory, which has a moisture content of 98%,
until the age of 21 days. The face of the samples in contact
with the surface was covered with canvas to maintain the
hydration of the concrete and reduce the probability of it
shrinking. Seven days before the rupture test, the carbon
blankets were fixed with the epoxy resin on the extreme
faces of the specimens to improve the rigidity in these areas
of the parts.

Table 2 shows the fiber cross-sectional area of one fiber
strand (4,.,,); the number of fiber strands used in each test
body, represented by the letter “n”; the total area of the
cross section of the textile fiber strands (4. ,); and finally,
the percentage of textile reinforcement (p) of each sample
analyzed, as named by Preinstorfer et al.'®

EXPERIMENTAL RESULTS AND DISCUSSION

The experimentally generated data were analyzed on
the Jupyter Notebook platform, in Python programming
language, where the stress-strain curves response of the
samples was generated. To prevent possible errors in the
results derived from the variation in the thickness of the thin
concrete, the stresses of the thin concrete samples reinforced
with glass and carbon textiles were calculated by dividing
the force by the total area of the cross section of the textile
fiber strands (4, ,), according to De Santis et al.’s?® technical
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specifications. Regarding deformations, the displacements
obtained through the LVDT were divided by the initial length
of the measurable area of each part, turning these values into
percentages for reading purposes on the graph.

For all the tensile tests, tables with the transition points
between the stages, the maximum stress and strain, and the
rupture mode were added, as recommended by De Santis
et al.,?® in addition to the respective averages and coefficient
of variation values of these parameters.

Concrete reinforced with one layer of glass textile

In the three test specimens reinforced with just one layer
of Brazilian glass textile, the formation of Stage I was
clearly observed, characterized by its linear-elastic behavior
and without the formation of cracks in the thin concrete. The
rupture of all samples occurred in the measurable area, as
shown in Fig. 7. The type of rupture is characterized as type
“B,” according to De Santis et al.?® In Fig. 8, the stress-strain
curves response of samples CTG11, CTG12, and CTG13 are
represented, respectively.

As stated by Jesse,?” with the formation of the first crack in
the matrix, Stage Ila begins, with deformation ¢ and tension
o1 being the transition points between Stages I and 11a.?® In

Table 2—Textile reinforcement parameters

Samples | A, mm? n Ao, mm?> p, %
CTGI11 1.8 4 7.2 1.38
CTGI12 1.8 4 7.2 1.38
CTGI13 1.8 4 7.2 1.38
CTG21 1.8 8 14.48 2.77
CTG22 1.8 8 14.48 2.77
CTG23 1.8 8 14.48 2.77
CTG24 1.8 8 14.48 2.77
CTCl11 1.81 3 5.43 1.04
CTC12 1.81 3 5.43 1.04
CTC13 1.81 3 5.43 1.04
CTC14 1.81 3 5.43 1.04

Note: 1 mm? = 0.00155 in.2.
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(b)

the three tests, after the formation of the first crack, a drop in
force was observed with an increase in deformation, followed
by an increase in this force until the emergence of a new
crack, as specified by Jesse.”” In CTG11 and CTG12, only
two cracks were formed in Stage Ila. Another particularity
found in these samples is that it was not possible to clearly
identify the formation of Stage IIb, where the cracking phase
ends and the structure ruptures. This behavior was also veri-
fied by Ortolan,*® who did not identify the three stages in his
samples reinforced with one layer of Brazilian glass textile.

In this sense, the same stress and strain values (oy and
en) of the transition points from Stage Ila to Stage IIb were
considered for these samples, which is equivalent to the
rupture values (f; and ¢,), as demonstrated in Table 3.

However, in sample CTG13, it was possible to iden-
tify Stage IIb after the formation of the third crack in the
composite material, as demonstrated in Fig. 8(c). This
behavior may have occurred due to the fact that there is
a greater bond between the cement matrix and the textile
reinforcement.

Concrete reinforced with two layers of glass textile

In the tests in which the thin concrete was reinforced with
two layers of glass textile, it was possible to clearly verify the
formation of the three stages in all samples. Multiple cracks
were also formed in Stage Ila. In Stage IIb, for samples
CTG21, CTG22, and CTG23, small load drops were iden-
tified in the material, called diffuse cracks by Jesse.?” As
discussed in the theoretical framework of this study, Bruck-
ermann® justified these load drops by the occurrence of
transverse contraction of the textile.

Samples CTG21, CTG22, and CTG4 showed rupture
within the measurable area of the specimens, which can be
characterized as a type “B” rupture. In CTG23, the rupture
of the textile occurred in the claw area, classified as type
“A.” Its curves with the mechanical behavior of each test
are shown in Fig. 9, and the rupture of the samples is shown
in Fig. 10. It is important to highlight that the descending
branch was not represented in the curves in Fig. 9, to focus
on the three stages that are analyzed in textile concrete
elements.

(©

Fig. 7—Rupture of samples reinforced with one layer of glass textile: (a) CTG11; (b) CTGI12; and (c) CTGI3.
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Table 3—Test results with one layer of glass textile

Samples e, % e % o1, N/mm? oy, N/mm? f,» N/mm? €, % Rupture mode
CTGI11 0.0198 0.977 412 443 443 0.977 B
CTG12 0.0361 0.761 367 439 439 0.761 B
CTG13 0.0468 0.639 372 377 441 1.32 B
Average 0.034 0.792 383.66 419.66 441 1.01 —
CV, % 32.43 17.63 5.24 7.19 0.37 22.58 —
Note: CV is coefficient of variation; 1 N/mm? = 0.145038 ksi.
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Fig. 8—Stress-strain response curves of samples reinforced with one layer of glass textile: (a) CTGI1l; (b) CTGI12; and

(c) CTG13. (Note: 1 N/mm? = 0.145 ksi.)

Table 4 lists all the results of this analysis. The maximum
stress values (f;) of the samples were very close, with a
coefficient of variation of 1.36%. The CTG21 sample stood
out in terms of maximum rupture stress, reaching a value
of 550 N/mm? (79.77 ksi). The CTG24 sample was the one
that obtained the highest Stage Ila stress (o7), which conse-
quently generated a higher quality of connection between
the textile reinforcement and the cement matrix, resulting
in the highest deformation value of rupture (¢;) among all
analyzed samples.

Concrete reinforced with one layer of carbon textile
In all tests, the three stages of cracking of the textile
concrete were formed, as shown in Fig. 11. However, due
to reaching high values of force, failure was observed close
to the claw area, between the measurable area and the
rigid area created by the carbon blanket, as highlighted in
red in Fig. 12, with the slippage of the textile reinforced in
the cement matrix. In this context, according to De Santis
et al.,?® this type of rupture can be classified as type “C.”
The stress concentration generated during the tensile test,
caused by the high mechanical capacity of the carbon textile,
influenced the formation of longitudinal cracks in the region
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of the claw where the rupture occurred. This behavior was
also verified by Donnini et al.** and Preinstorfer et al.!® As the
carbon textile impregnated with epoxy resin is smooth, there
was less bonding between the textile and the thin concrete,
which combined with high values of force, caused the fabric
to slide in the cement matrix and subsequent spalling of the
concrete, as shown in sample CTC13 in Fig. 12(b).

In CTC12, a nonlinear formation of the composite mate-
rial was observed in Stage I. According to Jesse,?’ Voss,* and
Kulas,? this result may have occurred due to possible pre-
deformations or shrinkage cracks caused on the sample side,
which is directly exposed to air during the curing process
of fine concrete. This explains the high value of the coeffi-
cient of variation from strain ¢;, demonstrated in Table 5. In
CTC11, CTC12, and CTC13, diffuse cracks were observed
in Stage IIb, caused by load drops during the tensile test.

The maximum stress of the CTC11, CTC12, CTC13, and
CTC14 samples averaged 2575.0 N/mm? (373.47 ksi), with a
coefficient of variation of just 4.31% between them, as shown
in Table 5. In the rupture deformation, ¢, an average value of
1% was obtained, with a coefficient of variation of 9.57%.

In general, the tests carried out with the carbon textile
showed cracks throughout the measurable area of the test
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Table 4—Test results with two layers of glass textile

Samples e, % e, % o1, N/mm? oy, N/mm? f,» N/mm? e, % Rupture mode
CTG21 0.0309 0.412 172 304 550 1.32
CTG22 0.0502 0.672 106 306 530 1.37 B
CTG23 0.0552 0.6 153 315 545 1.39 A
CTG24 0.0827 0.806 214 329 541 1.7 B
Average 0.054 0.622 161.25 313.5 541.5 1.44 —
CV, % 33.81 22.85 24.05 3.14 1.36 10.34
Note: 1 N/mm? = 0.145038 ksi.
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Fig. 9—Stress-strain response curves of samples reinforced with two layers of glass textile: (a) CTG21; (b) CTG22; (c) CTG23;

and (d) CTG24. (Note: 1 N/mm’ = 0.145 ksi.)

(b)

specimens, verifying that the stress distribution during the
test occurred appropriately.

Comparison of experimental results of carbon
and glass textiles

In terms of mechanical response, the samples reinforced
with two layers of Brazilian glass textile and those reinforced
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(d
Fig. 10—Rupture of samples reinforced with two layers of glass textile: (a) CTG21; (b) CTG22; (c) CTG23,; and (d) CTG24.

with German carbon textile presented the expected mechan-
ical behavior through the stress-strain curve response for
textile concrete elements, with the formation of Stages I, I1a,
and IIb.

However, in the specimens in which only one layer of
glass textile was used, a reinforcement percentage of 1.38%
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Fig. 11—Stress-strain response curves of samples reinforced with one layer of carbon textile: (a) CTC11; (b) CTC12; (c) CTCI3;

and (d) CTCI14. (Note: 1 N/mm? = 0.145 ksi.)

Fig. 12—Rupture of samples: (a) CTC1I; and (b) CTCI3.

was observed to be insufficient, as it was not possible to
identify all stages for textile concrete elements.

The use of the claw type and “bone” sample shape in the
tensile test favored the Brazilian glass fabric, as it resulted in
better stress distribution during the tests. The samples rein-
forced with this material showed ruptures occurring in the
measurement area without any sliding behavior of the test
specimens.

For structures reinforced with carbon textile, due to
the high mechanical capacity of this polymeric material,
there was a concentration of stress in the part responsible
for transmitting the efforts from the claw to the test piece,
which favored the occurrence of ruptures close to the areas
of the claw. Concrete spalling and textile slippage were also
observed during the tests.

Regarding the reinforcement rate, with the increase in
the number of layers for the glass textile, an increase in
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the number of cracks and a decrease in the average spacing
between them was observed. In samples reinforced with two
layers of the aforementioned textile (p =2.77%), an average
of seven cracks formed in the structural piece, while in tests
in which one layer was used (p = 1.38%), only two cracks
were formed on average. In the case of tests with one layer
of carbon textile and a reinforcement rate of 1.04%, the
average number of cracks observed in the structural part was
equivalent to parts reinforced with two layers of glass textile
(p=2.77%). Figure 13 shows the crack pattern in each spec-
imen reinforced with carbon textile.

Regarding the rupture stress (f;), the samples reinforced
with the German carbon textile reached values approximately
five times higher than those reinforced with the Brazilian
glass textile. This indicates that, compared to glass textiles,
the use of rigid carbon textile reinforcement in structures can
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Table 5—Test results with one layer of carbon textile

Samples e, % e, % o1, N/mm? oy, N/mm? f» N/mm? €, % Rupture mode
CTGI11 0.0122 0.661 1150 1560 2520 1.06 C
CTGI12 0.11 0.45 981 1390 2420 0.9 C
CTG13 0.0144 0.641 1110 1470 2670 1.13 C
CTG14 0.0223 0.314 626 1290 2690 0.92 C
Average 0.039 0.051 966.75 1427.5 2575 1 —

CV, % 102.57 27.68 21.35 6.97 431 9.57 —

Note: 1 N/mm? = 0.145038 ksi.

Fig. 13—Crack pattern in carbon-reinforced samples.

reduce their thickness and the number of textile layers by
half, favoring the cost-benefit of using this material.

To visually exemplify the comparison between the two
materials analyzed, Fig. 14 was generated with the curves
resulting from the average of the experimentally obtained
values of concrete reinforced with one layer of carbon
textile reinforcement and two layers of glass textile. This
figure highlights the high mechanical resistance achieved
with carbon textiles. In the case of glass textiles, deforma-
tions reached higher values, as there was a better distribu-
tion of stresses due to the shape of the claw, as mentioned
previously.

Comparison of resistances achieved
experimentally and analytically

To compare the results of rupture stresses achieved
experimentally and analytically, the analytical model used
by Kulas?? was considered for the analytical calculation of
the tensile force of thin concrete elements reinforced with
impregnated textiles.

The tensile strength of the carbon textile was 4000 N/mm?
(580.151 ksi). For the glass textile, a mechanical test was
carried out, and an average tensile strength of 566.72 N/mm?
(82.19 ksi) was found. Considering this, the tensile force of
both textiles analyzed was obtained according to Eq. (1)

Fru=Ax fix k- (1 - 9(80)2 tAs fis ke (%)2
(M

where 4, and 4,5 are the cross-sectional area of warp and
weft, respectively; f, ¢ and f; s are the tensile strength of the
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Fig. 14—Average stress-strain response curves of samples

reinforced with two layers of glass textile and one layer of
carbon textile. (Note: 1 N/mm? = 0.145 ksi.)

warp and weft textile mesh, respectively; &, is the reduction
factor equal to 0.84 due to lateral contraction of the strands;
and « is the angle between the force and bending direction.

Equation (2) is an example of an analytical calculation
for the case of a sample reinforced with two layers of glass
textile, where the total cross-sectional area of the warp is
14.48 mm? (0.022 in.?), the tensile strength of the warp is
566.72 N/mm? (82.19 ksi), the reduction factor is 0.84, and
the angle between the force and bending direction is 0. The
second part of this equation was disregarded, as the applied
force is perpendicular to the weft thread direction.

0 2
Fru=14.48566.72-0.84(1-g05) +0=
6893.12 N (1549.63 Ibf) 2
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Thus, this value can be converted to tensile strength

_ 6893.12N

S = Thag ooz = 476.05 N/mm? (69.04 ksi)  (3)

Table 6 lists the tensile strength (f;) obtained experimen-
tally and analytically from all samples presented in this
study, in addition to the statistical analysis of error between
the two selected values in percentage.

The samples reinforced with Brazilian glass textile
presented results closest to the analytical calculation, with
the samples with one layer (CTG11 to CTG13) having
the lowest error values. In tests in which the thin concrete
was reinforced with two layers of glass textile (CTG21 to
CTVG4), it was observed that the rupture stresses obtained
experimentally were higher than those from the analytical
calculation. This indicates that for Brazilian glass textiles,
the resistance reduction factor (k,), equal to 0.84, considered
in Eq. (1), can be disregarded due to the lateral contraction
of the wicks.

The samples reinforced with German carbon textile with
epoxy resin impregnation (CTC11 to CTC14) presented the
highest error values, reaching 27.97% in the case of sample
CTCI12. In this case, the tension obtained experimentally
could be even greater if there were greater adhesion between
the textile reinforcement and the thin concrete and if the
stresses were distributed more uniformly in the structural
part.

CONCLUSIONS

In this work, experimental research was carried out to
investigate the mechanical behavior obtained through
uniaxial tensile tests of concrete structural parts reinforced
with glass fabric, available in Brazil, and carbon fabric,
produced in Germany.

In tests in which concrete parts reinforced with the
Brazilian glass textile were evaluated, it was observed that
the textile reinforcement of one layer was not sufficient to
meet the element’s structural issues. However, with two
layers, the mechanical behavior obtained was excellent,
demonstrating good bonding capacity between the fabric
and the concrete, rupture within the measurable area, and
adequate tension distribution.

The parts reinforced with the German carbon textile
showed spalling of the concrete and slipping of the fabric.
These phenomena suggest that there was a concentration of
stress at the ends of the samples, corroborating the rupture of
the structural element in regions close to the claw. However,
even with these problems, it was observed that the mechan-
ical behavior obtained through the stress-strain response
curve occurred as expected for textile concrete elements,
with the structure rupture on Stage IIb, as predicted in the
literature.

Regarding the rate of reinforcement and cracking, it was
observed that more cracks formed, with smaller spacing
between them, as the rate of reinforcement with the glass
textile in the analyzed structural element increased. In the
samples reinforced with one layer of carbon textile, an
average of seven cracks formed along the test piece, a value
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Table 6—Comparison of experimental and
analytical tensile strengths

Samples | f; experimental, N/mm? | f; analytical, N/mm? | Error, %
CTGI11 443 476.05 6.94
CTGI12 439 476.05 7.78
CTG13 441 476.05 7.36
CTG21 550 476.05 15.53
CTG22 530 476.05 11.33
CTG23 545 476.05 14.48
CTG24 541 476.05 13.64
CTCl11 2520 3360 25.00
CTC12 2420 3360 27.97
CTC13 2670 3360 20.53
CTCl14 2690 3360 19.94

Note: 1 N/mm? = 0.145038 ksi.

also found in the samples reinforced with two layers of
Brazilian glass textile.

In terms of mechanical resistance, the tensile strength of
the concrete reinforced with carbon textile impregnated with
epoxy resin was approximately five times greater than the
tension of specimens reinforced with Brazilian fabric. With
this result, it was observed that the German carbon textile
achieves high mechanical resistance, which positively influ-
ences the reduction in the reinforcement rate, thickness,
and weight of structures, which corroborates an econom-
ically viable project and its use in slender and innovative
architectures.

From the results listed, it is concluded that both textiles
analyzed in this research have great potential to be used in
the construction industry, as in addition to offering structural
capacity to the elements, they have concepts that encompass
innovation, sustainability, and technology—characteristics
that are essential for the sustainable development of current
and future generations.

RECOMMENDATIONS

The authors provide the following recommendations for
future research:

1. The authors recommend further investigation regarding
Brazilian glass textile, evaluating its mechanical capacity
based on the reinforcement of two or more layers because
there was structural incapacity in the specimens reinforced
with one layer.

2. For the specimens reinforced with German carbon
textile, the authors suggest evaluating the mechanical
behavior through a rectangular geometry, in addition to the
increased thickness of the specimen.
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