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Abstract

Pervious concrete is widely used in permeable
pavement and stormwater management systems
because its interconnected pore network allows
rapid surface water infiltration. However, the same
pore structure that provides hydraulic functionality
also reduces load-bearing capacity and increases the
sensitivity of the cementitious matrix and interfacial
transition zone to moisture-driven deterioration,
particularly under freeze-thaw exposure. This
review synthesises recent research on pervious
concrete with emphasis on the coupled relationship
among mechanical strength, permeability and
freeze-thaw durability. Particular attention is given
to fly ash, metakaolin and nano-silica as
supplementary cementitious materials capable of
modifying hydration, pore structure and interfacial
bonding. The review shows that single-material
modification can improve selected properties, but it
is often insufficient to achieve balanced
performance  because strength  enhancement,
permeability retention and freeze-thaw resistance
respond differently to binder chemistry, paste
thickness, compaction and pore connectivity. Multi-
component systems, especially those combining
pozzolanic reaction, filler effects and nano-scale
nucleation, therefore provide a promising route for
performance optimisation. Nevertheless, existing
studies remain limited by inconsistent durability
indicators, insufficient semi-quantitative
microstructural characterisation and a lack of
optimisation frameworks that incorporate freeze-
thaw durability as a primary response. Response
surface methodology and Box-Behnken design are
identified as efficient tools for modelling interaction
effects and supporting multi-objective mixture
design. Future research should integrate mechanical,
hydraulic, durability and microstructural indicators
to define performance windows for pervious
concrete in seasonal cold regions.

Keywords: pervious concrete; freeze-thaw
durability; fly ash; metakaolin; nano-silica;
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surface methodology; Box-Behnken design

I. Introduction

Pervious concrete is a cement-based
composite intentionally designed with a connected
pore system. Unlike conventional dense concrete, it
commonly contains coarse aggregate with a narrow
grading, a reduced paste volume and little or no fine
aggregate. This internal structure allows rainfall and
surface runoff to infiltrate through the pavement
layer, making the material useful for permeable
pavements, parking areas, pedestrian paths and other
non-primary structural pavement applications. In
urban drainage practice, pervious concrete is valued
because it can reduce surface ponding, support
groundwater recharge and assist decentralised
stormwater control (Chandrappa&Biligiri, 2016;
Zhong et al., 2018; Cui et al., 2024).

The functional advantage of pervious
concrete is inseparable from its main engineering
limitation. A continuous void network increases
hydraulic conductivity, but it also reduces the
effective load-transfer area and creates thin paste
bridges between aggregates. As a result, pervious
concrete generally exhibits lower compressive and
flexural strengths than dense concrete. The
interfacial  transition zone (ITZ) becomes
particularly important because the skeleton of the
material depends on aggregate contact points
bonded by a limited cementitious matrix. Small
changes in paste quality, aggregate coating
thickness, compaction energy or pore connectivity
can therefore produce substantial changes in both
mechanical and hydraulic responses.

Freeze-thaw exposure intensifies these
difficulties. Although a permeable pore network can
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facilitate drainage, it does not guarantee that the
material will remain unsaturated during freezing.
Local water retention, clogging, partially blocked
pores and repeated wetting can allow ice formation
within the pore system. Internal stress generated by
ice expansion and hydraulic pressure may accelerate
microcracking, paste scaling, aggregate-paste
debonding and progressive mass loss. Therefore, the
durability of pervious concrete in seasonal cold
regions cannot be evaluated only by its initial
permeability or compressive strength (Lund et al.,
2017; Xiao et al., 2025; Zhao et al., 2023).

Supplementary  cementitious  materials
(SCMs) have been increasingly studied as a means
of improving the matrix and ITZ of pervious
concrete. Fly ash (FA), metakaolin (MK) and nano-
silica (NS) are of particular interest because they act
through different but complementary mechanisms.
FA can improve particle packing and later-age
pozzolanic reaction; MK provides highly reactive
aluminosilicate phases that refine the pore system;
and NS can serve as a nano-filler and nucleation site
for hydration products. However, their effects are
dosage-dependent and may produce competing
outcomes. For example, excessive matrix
densification can improve strength but reduce
permeability, while insufficient paste modification
may preserve drainage but leave the ITZ vulnerable
to freeze-thaw damage (Bilal et al., 2021; Sun et al.,
2025).

This review critically synthesises the
literature on freeze-thaw-resistant pervious concrete
modified with SCMs. It aims to clarify the
performance trade-offs among strength,
permeability and  durability;  explain  the
microstructural mechanisms associated with FA,
MK and NS; and identify optimisation strategies
suitable for multi-component mixture design. The
review also highlights why response surface
methodology (RSM), especially Box-Behnken
design (BBD), is useful for investigating interactive
effects in FA-MK-NS systems.

II.  Review Scope and Analytical
Framework

This paper is structured as a critical
narrative review derived from a doctoral literature
synthesis on pervious concrete in freeze-thaw
environments. The scope includes studies on
material composition, pore structure, mechanical
properties, hydraulic performance, freeze-thaw
durability, microstructural characterisation and
mixture optimisation. Greater emphasis is placed on
recent studies that discuss SCM-modified pervious
concrete, performance trade-offs and statistical
optimisation methods (Adamu et al., 2021; Cui et
al., 2024; Sun et al., 2025).

The review interprets the literature through
a performance-window framework. In this
framework, pervious concrete is not judged by a
single maximum property value. Instead, an
acceptable mixture must satisfy three linked
requirements: adequate mechanical capacity for the
intended pavement class, sufficient permeability for
drainage and acceptable resistance to freeze-thaw
deterioration. Microstructural evidence, including
SEM, ImageJ-based pore area analysis and EDS, is
treated as supporting evidence that explains why a
mixture falls inside or outside the desired
performance window (Bilal et al., 2021; Nazeer et
al., 2023).

This analytical approach is suitable for
pervious concrete because the material is governed
by coupled rather than independent properties. A
mixture with high compressive strength may be
impractical if permeability is excessively reduced.
Similarly, a mixture with high initial permeability
may fail in cold regions if the paste bridges and ITZ
cannot resist cyclic ice-induced stresses. A useful
review therefore needs to integrate macro-
performance, pore structure and binder chemistry
rather than treating them as separate topics.

Table 1. Performance indicators commonly used to evaluate pervious concrete

Performan s v . Qo Bos ol ]

erior ce Typical indicators Interpretation in mixture design
domain
Mechanical Compressive strength, flexural | Represents load-bearing capacity and
performance strength, splitting tensile strength | resistance to aggregate-paste debonding.
Hydraulic Porosity, connected void ratio, | Represents the ability to drain surface water
performance permeability coefficient and maintain functional permeability.
Freeze-thaw Mass loss, relative dynamic | Represents resistance to cyclic ice formation,

www.ijemh.com Page 296



International Journal of Engineering, Management and Humanities (IJEMH)
Volume 7, Issue 3, May-June, 2026 pp: 295-302 ISSN: 2584-2145 www.ijemh.com

durability modulus, residual strength, visual | paste deterioration and surface raveling.
scaling

Microstructur SEM morphology, Image] pore Explains matrix compactness, hydration
area fraction, EDS elemental .

e ratios products and ITZ improvement.

II1. Pervious Concrete Performance and Its

Inherent Trade-Offs

The properties of pervious concrete are
controlled primarily by porosity, pore connectivity,
paste volume and aggregate-paste bonding. Total
porosity is frequently reported in the range of
approximately 15-35%, although the specific value
depends on aggregate gradation, compaction energy,
paste rheology and specimen preparation. High
porosity provides continuous flow channels, but it
also lowers density and reduces the solid skeleton
available for stress transfer.

Mechanical strength is influenced not only
by porosity but also by the quality of the
cementitious coating around aggregate particles.
Because pervious concrete contains a relatively
small amount of paste, its load transfer mechanism
differs from that of dense concrete. Stress is
concentrated at aggregate contact points and at the
ITZ. Weak paste bridges, insufficient coating
thickness, poor compaction or excessive void
clustering can initiate = microcracks  under
compressive or flexural loading. Consequently,
improving paste quality often has a disproportionate
effect on mechanical performance (Liu et al., 2018;
Nazeer et al., 2023).

Hydraulic performance is governed by
connected pores rather than total voids alone. Two
mixtures with similar total porosity may show
different permeability if the pore throats, tortuosity
and blocked voids differ. Compaction is a major
source of this variability. Higher compaction can
strengthen aggregate contacts and reduce local
defects, but excessive compaction can collapse flow
channels and reduce permeability. This sensitivity
explains why test methods and specimen preparation
procedures are major sources of variation across the
literature (Putman & Neptune, 2011; Zhang et al.,
2020).

The most important implication for mixture
design is that the relationship among strength,
permeability and durability is not linear. Strength
and permeability are commonly inversely related,
but the magnitude of the trade-off depends on
matrix quality and pore structure. Freeze-thaw
durability adds another layer of complexity because
a highly permeable mixture may drain effectively

under ideal conditions yet still retain water locally
during field exposure. Thus, practical mixture
optimisation should aim for balanced performance
rather than the highest value of a single response.

Freeze-Thaw Deterioration Mechanisms
Freeze-thaw deterioration in pervious
concrete is a coupled physical and microstructural
process. Water retained within connected pores or
within the cementitious matrix freezes, expands and
generates local stresses. Repeated cycles can initiate
microcracks in the paste, weaken paste bridges and
cause progressive debonding at the aggregate-paste
interface. Damage may appear as surface scaling,
raveling, mass loss, reduction in dynamic modulus
and residual strength loss.

The saturation state is critical. Pervious
concrete is often assumed to be less vulnerable to
freeze-thaw damage because its open pores allow
water to drain. This assumption is only partly valid.
In actual pavement service, drainage can be
interrupted by clogging, fine particles, snowmelt,
deicing agents, rapid temperature drops or
insufficient sub-base drainage. When water remains
trapped in isolated regions of the pore network, the
material can experience localised ice pressure even
if its overall permeability is high.

Pore size distribution also affects frost
resistance. Very large connected pores may reduce
saturation if drainage is effective, but they can
expose a larger paste surface area and create stress
concentrations at thin paste bridges. Smaller
capillary pores within the cementitious matrix can
retain water and increase internal pressure during
freezing. Therefore, the desirable pore system is not
simply the largest or most open system; it is a stable
hierarchical network that preserves drainage while
maintaining compact paste and strong ITZ bonding.

Freeze-thaw testing is commonly assessed
using mass loss, relative dynamic modulus, residual
strength and visual deterioration. However, these
indicators may not change at the same rate. Mass
loss may remain limited during early cycles while
microcracking accumulates internally. Conversely,
surface raveling may occur without immediate large
changes in permeability. Multi-indicator evaluation
is therefore necessary to avoid overestimating
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durability from one favourable test result. Standard
freeze-thaw and fresh-density procedures such as
ASTM C666/C666M and ASTM C1688/C1688M
remain useful references, but pervious concrete

often requires careful interpretation because its
connected pores and drainage conditions differ from
dense concrete.

Table 2. Main deterioration pathways under freeze-thaw exposure

Pathway Dominant cause Observable consequence

Ice expansion and hydraulic | Loss of stiffness, residual strength

Paste microcrackin . : . . .
& pressure in saturated matrix pores | reduction and increased internal defects.

Differential ~deformation and
weak aggregate-paste bonding

Aggregate loosening, raveling and

ITZ debonding progressive load-transfer deterioration.

Repeated  freezing of surface Mass loss and visible deterioration of

Surface scaling
exposure

moisture and deicing solution

pavement surface.

Permeability change fines or damage products

Pore blockage by detached paste,

Reduced drainage capacity or unstable
flow paths after cyclic exposure.

V.  Effects of Fly Ash, Metakaolin and
Nano-Silica

SCMs modify pervious concrete mainly by
changing the hydration process, matrix compactness
and ITZ quality. In conventional dense concrete,
SCMs are often evaluated through strength
development and durability improvement. In
pervious concrete, their effects must also be
interpreted in relation to permeability because any
change in paste volume, viscosity or pore
refinement can influence the connected void
network (Bilal et al.,, 2021; Nazeer et al., 2023;
Sathiparan& Subramaniam, 2025).

Fly ash is commonly used to partially
replace cement because its spherical particles can
improve workability and packing. Its pozzolanic
reaction may consume calcium hydroxide and form
additional calcium silicate hydrate at later ages,
contributing to a denser matrix. For pervious
concrete, FA may improve later-age strength and
reduce paste brittleness when used at an appropriate
dosage. However, early-age strength can be lower
because the reaction of FA is slower than cement
hydration. This can be problematic when freeze-
thaw exposure begins before sufficient matrix
development.

Metakaolin  is a  highly  reactive
aluminosilicate SCM. Its fine particle size and high
pozzolanic  activity can accelerate  matrix
densification and improve the ITZ. MK can
contribute to early strength development, reduce
connected capillary pores in the paste and improve

resistance to ingress-driven damage. In pervious
concrete, this can strengthen paste bridges and
reduce aggregate-paste debonding under freeze-
thaw cycles. Nevertheless, excessive MK may
increase water demand and reduce workability,
leading to uneven coating, blocked pores or
inconsistent compaction.

Nano-silica acts at a smaller scale. It can
provide nucleation sites for hydration products, fill
nano-scale voids and accelerate early hydration.
These mechanisms are valuable for pervious
concrete because the material contains limited paste
and depends strongly on ITZ quality. NS can
improve matrix compactness and bond strength, but
the dosage window is narrow. Agglomeration or
excessive NS content may increase viscosity, reduce
permeability and create weak zones rather than
improving the matrix.

The combined use of FA, MK and NS is
promising  because their mechanisms are
complementary. FA can support workability and
later-age reaction; MK can enhance early pozzolanic
activity and aluminosilicate reaction; and NS can
provide nano-filling and nucleation. In principle, a
ternary system can produce a multi-scale particle
distribution and a denser yet still permeable matrix.
In practice, however, the benefit depends on
interaction effects. A dosage that is beneficial for
one SCM may not remain optimal when another
SCM is added (El-Hassan et al., 2023; Sun et al.,
2025).
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Table 3. Functional roles and possible risks of FA, MK and NS in pervious concrete

Material | Main beneficial mechanisms Potential risk if poorly proportioned
Imp roves packing ~and workablhty; May reduce early strength and leave the
Fly ash contributes to later-age  pozzolanic . . Lo .
. matrix vulnerable if curing is insufficient.
products; can refine matrix pores.
Metakaoli Enhances pozzolanic reaction; improves | May increase water demand and reduce
N matrix compactness and ITZ quality; | workability, causing uneven coating or pore
supports early strength. blockage.
Provides nano-filling and nucleation . . .
Nano- . . May agglomerate, increase viscosity and
- effects; accelerates hydration; improves . .
silica . reduce permeability at excessive dosages.
paste bridge compactness.
FA-MK- Comblpes multi-scale p ackmg, ch.emlcal Interaction effects may shift the optimum
reactivity and nano-scale densification for . v RS
NS system dosage and require statistical optimisation.
balanced performance.

VI.  Microstructure-Performance
Relationship

The microstructure-performance
relationship is central to understanding SCM-
modified pervious concrete. Macroscopic strength
and durability depend on features that are not fully
captured by total porosity: paste bridge
compactness, ITZ continuity, hydration product
morphology, microcrack distribution and the
connectivity of larger flow pores. Therefore,
microstructural evidence is needed to explain why
mixtures with similar porosity may perform
differently under loading or freeze-thaw exposure.

SEM observation is useful for identifying
hydration  products, microcracks and ITZ
morphology. In an unmodified or poorly
proportioned mixture, the matrix may show loose
hydration products, visible microvoids and weak
contact zones around aggregates. In an optimised
SCM-modified mixture, the paste is expected to
appear denser, with fewer connected microvoids and
a more continuous interface. This qualitative
evidence can support explanations for increased
compressive strength, lower mass loss and improved
residual properties after freeze-thaw cycles.

ImagelJ-based image analysis can provide a
semi-quantitative supplement to SEM observation.
By converting selected SEM images to greyscale,
applying threshold segmentation and calculating
local matrix pore area fraction, researchers can
compare matrix compactness across mixtures. This
value should not be interpreted as total bulk
porosity, because SEM images represent a limited
two-dimensional field of view. However, it is useful

as supporting evidence for local compactness and
ITZ improvement.

EDS analysis can further strengthen
microstructural  interpretation by  identifying
elemental distributions associated with hydration
products. Changes in Ca, Si and Al signals can
support discussion of calcium silicate hydrate,
calcium aluminosilicate hydrate and the pozzolanic
contribution of MK or FA. For FA-MK-NS systems,
EDS can help distinguish whether improved
performance is associated mainly with physical
filling, enhanced hydration or chemical modification
of the matrix and ITZ.

A combined SEM-ImageJ-EDS approach is
therefore more informative than qualitative SEM
alone. It links morphology, semi-quantitative
compactness and chemical evidence to macroscopic
performance. This integrated approach is especially
valuable in pervious concrete because the main
design problem is not only to reduce pores, but to
regulate different pore scales while preserving
connected drainage paths.

VII.  Optimisation Strategies for Multi-
Component Systems

The optimisation of SCM-modified
pervious concrete is difficult because multiple
factors act simultaneously. FA, MK and NS contents
may affect strength, freeze-thaw resistance and
permeability in different directions. Traditional one-
factor-at-a-time testing is inefficient and cannot
reveal interaction effects. For example, the effect of
NS may depend on the amount of MK present, and
the later-age contribution of FA may depend on
curing regime and available calcium hydroxide.
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Response surface methodology provides a
practical statistical framework for such problems.
By fitting polynomial models to designed
experimental data, RSM can estimate main effects,
quadratic effects and interaction effects. It can also
predict response values within the experimental
domain and support desirability-based multi-
objective optimisation. In pervious concrete
research, this is particularly useful because the
optimum mixture is a compromise among several
performance indicators rather than a single
maximum value.

Box-Behnken  design is  especially
attractive for three-factor SCM systems. It requires
fewer experimental runs than a full factorial design
while still allowing second-order response surfaces
to be fitted. It also avoids corner points, where all
variables are simultaneously at extreme levels. This
is practical for pervious concrete because extreme
combinations may produce unworkable mixtures,
excessive paste viscosity, very low permeability or
unstable compaction. This experimental economy is
consistent with established response surface
methodology principles (Montgomery, 2019; Myers
et al., 2016).

A robust optimisation framework should
include response variables from all relevant
performance domains. Compressive strength alone
is insufficient. A more defensible approach includes
compressive or flexural strength, permeability,
porosity, mass loss or residual strength after freeze-
thaw cycles, and one or more microstructural
indicators. The fitted models should then be
validated using confirmation mixtures to ensure that
predicted optimal combinations are experimentally
reliable.

The value of RSM-BBD is not merely
numerical prediction. It also supports mechanism
interpretation by showing whether interaction terms
are significant. If the FA-MK interaction improves
freeze-thaw resistance but reduces permeability, or
if NS has a nonlinear effect on strength, the
response surface can help identify a balanced dosage
range. This makes RSM-BBD well suited to the
performance-window approach proposed in this
review. Similar optimisation logic has already been
applied to pervious concrete systems containing
alternative SCMs and nano-scale modifiers (Adamu
etal., 2021; Sun et al., 2025).

Table 4. Suggested optimisation framework for FA-MK-NS modified pervious concrete

Stage Main task

Expected output

Factor selection

Define FA, MK and NS dosage
ranges based on workability, prior
literature and preliminary trials.

Feasible experimental domain with no
impractical extreme mixtures.

Apply Box-Behnken design with

Experimental . . Efficient test matrix for main,

. centre points to estimate error and . . .
design quadratic and interaction effects.

fit second-order models.

Performance Measure strength, permeability, | Multi-domain response data for
testing porosity and freeze-thaw indicators. | optimisation.
Microstructural Use SEM, Image] and EDS on | Mechanistic evidence explaining
verification representative mixtures. macro-performance trends.

Model validation

predicted optimum levels.

Prepare confirmation mixtures at | Validated performance window for

practical mixture design.

VIII. Research Gaps and Future Directions

The literature indicates three major
research gaps. First, the synergistic effects of FA,
MK and NS in pervious concrete remain
insufficiently understood. Most studies consider one
or two modifiers, while ternary systems are less
frequently examined in a systematic way. Because
these SCMs act at different scales and reaction rates,

their combined effects cannot be inferred simply
from single-material studies.

Second, freeze-thaw durability is not
consistently integrated into mixture optimisation.
Many optimisation studies focus on compressive
strength, porosity and permeability. These variables
are important, but they do not fully represent service
performance in cold regions. Future studies should
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include durability indicators such as mass loss,
residual strength, relative dynamic modulus and
visual scaling after defined freeze-thaw cycles.
Third, microstructural characterisation is
still often qualitative. SEM images are useful, but
their explanatory value increases when combined

with semi-quantitative ImageJ analysis and EDS.
Future studies should report how image thresholding
is performed, distinguish local matrix pore area
from bulk porosity and relate elemental evidence to
hydration products and ITZ improvement.

Table 5. Research gaps and recommended future work

Research gap Why it matters

Recommended direction

Limited understanding Single-material

of FA-MK-NS synergy SCMs

cannot | Use
capture interaction effects among | mixture

results

statistically  designed
studies with
interaction models.

ternary
validated

Mixtures optimised

Insufficient  durability-
based optimisation

only for | Include mass loss, residual strength and
strength or permeability may fail

dynamic modulus in multi-objective

under freeze-thaw exposure.

optimisation.

Limited semi-
quantitative
microstructural evidence

Qualitative SEM alone cannot fully
explain performance differences.

Combine SEM, Imagel and EDS to link
matrix compactness, hydration products
and ITZ quality.

Inconsistent testing and

Different specimen preparation and
freeze-thaw  protocols  reduce

Report compaction, saturation, drainage
condition, cycle regime and failure

reporting

comparability.

criteria transparently.

IX.  Conclusions

This review shows that the design of
pervious concrete for freeze-thaw environments
must be understood as a coupled performance
problem. The connected pore network provides
essential hydraulic functionality, but it also reduces
mechanical capacity and creates vulnerability to
moisture-driven damage. Strength, permeability and
freeze-thaw durability should therefore be evaluated
together rather than as independent properties.

FA, MK and NS can improve pervious
concrete through complementary mechanisms. FA
supports packing and later-age pozzolanic reaction,
MK enhances matrix reactivity and ITZ
compactness, and NS provides nano-scale filling
and hydration nucleation. However, each material
has a dosage-sensitive effect, and excessive or
poorly balanced incorporation may reduce
workability, block pores or compromise
permeability.

Multi-component SCM systems offer a
promising route to balanced performance, but they
require systematic optimisation. RSM and Box-
Behnken design provide an efficient framework for
identifying main and interaction effects while
limiting the number of experimental runs. Their
value is strongest when mechanical, hydraulic,
freeze-thaw and microstructural responses are all
included in the optimisation framework.

Future research should move from
property-by-property improvement toward validated
performance windows for practical applications in
seasonal cold regions. Integrating SEM, Imagel,
EDS and multi-objective statistical modelling can
provide stronger evidence for the mechanisms
linking matrix modification, pore structure and
service durability.
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