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Abstract 

 

This thesis aims to improve the understanding of clogging and the 

effects this has on permeable concrete, and to develop new permeable 

concretes that are more durable and resistant to clogging without the need for 

frequent maintenance. 

Permeable concrete, also known as pervious concrete, is used to 

reduce urban flooding as it allows water to flow through normally 

impermeable infrastructure. It is prone to clogging by particulate matter and 

predicting the long-term performance of permeable concrete is challenging as 

there is currently no reliable means of characterising clogging potential. New 

methods were developed to study clogging and define clogging potential. The 

tests involved applying flowing water containing sand and/or clay in cycles, 

and measuring the change in permeability. Three methods were used to define 

clogging potential based on measuring the initial permeability decay, half-life 

cycle and number of cycles to full clogging. We show for the first time strong 

linear correlations between these parameters for a wide range of samples, 

indicating their use for service-life prediction.  

The problem which leads to clogging in existing permeable concrete 

is the pore network that is highly tortuous, with variable cross-section and 

random interconnectivity. As a result, it is important to develop new 

permeable concretes that have uniform pore structures with tortuosity of 1. 

This thesis reports on the development of cementitious materials that can be 

poured on-site, or provided as pre-cast elements, forming a low tortuosity 

connected porosity microstructure so that surface water is effectively 
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transferred from one side of the permeable pavement to the other, with 

minimal risk of clogging.  

High-strength clogging resistant permeable pavement (CRP) was 

prepared by introducing direct channels of varying size and number into self-

compacting mortar. In all cases, permeability and compressive strength 

proved to be far higher than conventional permeable concrete. More 

significantly, not a single sample became clogged despite extensive cyclic 

exposure to flow containing sand and/or clay. We show for the first time a 

high strength clogging resistant permeable pavement capable of retaining 

sufficient porosity and permeability for storm-water infiltration throughout 

the service life while having a high compressive strength to utilise permeable 

pavement in heavy loading applications. This innovative system will help 

alleviate urban flooding and contribute towards a more sustainable 

urbanisation.  

In order for the new design to be considered a truly successful 

innovation it is necessary to examine means by which the work done in a 

laboratory setting can be utilised in a large-scale commercial setting. Several 

methods have been investigated. While each of these methods has benefits 

and limitations, collectively they constitute a valid range of possible 

approaches for potential in-situ and pre-cast delivery of CRPs on a large scale. 
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Notation 

Abbreviations 

 

ACI    American concrete institute 

a/c   Aggregate/cement ratio 

ACPA    American concrete pavement association  

AGG    Packed gravel aggregates  

AP   Aggregate porosity 

ASR   Alkali-silica reaction 

BS    British standards 

CEM I   Portland cement 

CI   Compaction index 

CRMA   Colorado ready mix concrete association 

CRP    High strength clogging resistant permeable pavement 

DP   Design porosity 

EC    Eurocodes 
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EFNARC  European federation for specialist construction 

chemical and concrete systems 

GS    Packed glass spheres 

NREL    National renewable energy laboratory  

NRMCA  National ready mix concrete association 

PC    Permeable concrete 

PCA    Portland cement association 

PC-Com  Commercially available permeable concrete  

PC-Lab  Laboratory prepared permeable concrete  

PV   Paste volume 

PVA    Poly(vinyl alcohol), a water soluble polymer  

RH   Relative humidity 

S & C   Combined sand and clay clogging method  

S / C    Alternate sand or clay clogging method 

SCMs   Supplementary cementitious materials   

S.E.   Standard error 

SP Superplasticiser 

SuDS Sustainable drainage system 
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TDRs    Time domain reflectometers  

UDFCD   Urban drainage and flooding control district  

UK   United Kingdom 

VMA   Viscosity-modifying admixture/ agent 

w/c    Water/cement ratio 

WCRs    Water content reflectometers  

 

Greek letters 

 

    Factor (constant) equal to 19  

γw    Specific weight of water (kN/m3) 

Δh    Change in hydraulic head (m) 

∆k   Change in permeability (cm/s) 

    Decay constant  

    Dynamic viscosity of fluid (Ns/m2) 

μw    Dynamic viscosity of water (mPa s) 

v    Mean flow velocity (m/s) 

π   Pi 
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    Fluid density (kg/m3) 

ρa    Aggregate density (kg/m3) 

ρc   Cement density (kg/m3) 

s    Sample density (kg/m3) 

ρw    Water density (kg/m3) 

ϕ   Porosity 

   Diameter (m) 

 

Roman letters 

 

A   Cross-sectional area of the porous medium (m2) 

A1    Internal cross-sectional area of the inlet pipe (m2) 

A2    Sample cross-sectional area (m2) 

C   Kozeny constant 

D    Diameter of the cylindrical pipe/ tube (m) 

d1, d2    Lateral dimensions of the specimen (mm)  

d50   Average particle size, median diameter (μm) 

deff   Effective particle diameter (m) 
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F    Maximum load (N) 

f    Angularity factor  

f’    Friction factor according to the Ergun equation 

fc    Compressive strength (MPa) 

fD  Friction factor according to the Darcy-Weisbach 

equation 

fr    Flexural strength (MPa) 

g    Gravitational acceleration (m/s2) 

h1   Initial head (m) 

h2   Final head  (m) 

Δℎ

𝐿
   Ratio of hydraulic head to sample thickness  

I    Distance between supporting rollers (mm) 

i   Hydraulic gradient  

k   Hydraulic conductivity, permeability (m/s) 

k’   Intrinsic permeability (m2) 

ki    Initial permeability (m/s) 

k(t)    Permeability after cycle t (m/s) 

∆k/ki    Ratio of permeability drop to initial permeability 
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L    Sample length (m) 

Ma    Mass of the aggregates (kg) 

ms    Sample mass (kg) 

n    Number of pores  

P   Porosity 

Q    Volumetric flow rate (m3/s) 

q  Flow per unit cross sectional area of the medium (m/s) 

R    Radius of the cylindrical pipe (m) 

R2   Coefficients of determination 

Re’   Reynolds number 

reff   Effective pore radius (m) 

S   Specific surface (mm-1) 

s   Standard deviation 

t   time (s) 

t1/2    Half-life  

V    Sample volume (m3) 

Vc    Cylinder mould volume; Cement volume (m3) 

Vp    Pore volume (m3) 
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Vw    Water volume (m3) 

W1    Sample mass in water (kg) 

W3    Saturated surface dry sample mass in air (kg) 

�̅�    Sample mean 
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Chapter 1  

Introduction 

 

1.1 Research motivation 

Urban areas are associated with hard impervious infrastructure that 

increases surface water run-off during heavy rain and the potential for 

localised flash flooding. Permeable concrete is widely regarded as an 

important cost effective sustainable urban drainage system that can reduce 

storm-water run-off to alleviate the problem of localised urban flooding 

(EPA, 2004). It is made by omitting most or all of the fine aggregate from 

normal concrete and by careful control of the cement paste fraction. This 

produces a highly porous material with typically 15-35% volume of 

interconnected voids that allow very rapid water percolation (Tennis et al., 

2004; Obla, 2007)  

A typical permeable pavement system consists of a top permeable 

concrete layer placed above a sub-base coarse aggregate layer and subgrade 

soil. In practice, there are many variations in the number, thickness and 

composition of each layer, but all with the purpose of storing stormwater 

runoff until it infiltrates into the existing soil or is drained. Permeable 

pavement systems can be designed for full, partial or zero exfiltration 

depending on site soil conditions. Partial and zero exfiltration systems contain 

sub-drains or an impermeable liner to prevent water reaching the underlying 

soil. These systems are best suited for sites with poorly draining soils, 
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contaminated soils or in groundwater sensitive areas (Drake et al., 2013; 

Crookes, 2015).  

Permeable concrete is primarily used in car parks, pedestrian 

footpaths, cycle paths and other low-traffic areas. The hydrologic benefits of 

permeable pavements for reducing run-off volume and peak flow rates are 

well documented (Abbott and Comino-Mateos, 2003). For example, annual 

run-off volume reductions of 50 to 100% have been observed (Stenmark, 

1995; Legret and Colandini, 1999; Dempsey and Swisher, 2003). Even if the 

underlying soil is poor draining, permeable pavement systems can reduce 

peak flows by over 90% and surface run-off volumes by 43% (Drake et al., 

2014). As such, permeable concrete pavements are well suited to existing 

urban areas that lack conventional storm-water management facilities. In new 

urban areas, they can decrease development costs by limiting the need for 

other storm-water management infrastructure (ACI, 2010; Ferguson, 2005; 

Tennis et al., 2004).  

It has also been reported that permeable concrete captures suspended 

solids, P, N, Zn, Cu and motor oil, improving stormwater and groundwater 

quality (Schueler, 1987; Brattebo and Booth, 2003; Scholz and Grabowiecki, 

2007; Calkins et al., 2010; Welker et al., 2013; Sansalone et al., 2008). It is 

also reported to improve skid resistance and minimise heat island effects in 

cities (Tennis et al., 2004; Amde and Rogge, 2013; Schaefer et al., 2006). 

However, the latter is probably due to a change in pavement colour (black 

asphalt to grey concrete), rather than the high permeability of permeable 

concrete.  

While permeable concrete clearly has many benefits, it is inevitably 

susceptible to clogging that leads to serviceability problems and premature 

degradation (Deo et al., 2010; Yong et al., 2013; Mata and Leming, 2012; 

Coughlin et al., 2012; Tong, 2011). Physical clogging is caused by debris 
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build-up on the surface and in the pore structure; this is likely to be the most 

common mechanism. Biological clogging caused by algae and bacteria, and 

penetration of plant roots can also occur (Ye et al., 2010; Mishra et al., 2013). 

Addressing this problem will substantially improve the durability of 

permeable concrete and optimise its application as a sustainable urban 

drainage system. Yet, this is not well-understood and limited information is 

available on factors influencing clogging (Tong, 2011; Mishra et al., 2013; 

Radlinska et al., 2012). 

A number of studies have investigated the effect of sediment type on 

clogging under laboratory conditions (Coughlin et al., 2012; Deo et al., 2010; 

Schaefer et al., 2011; Tong, 2011; Nguyen et al., 2017; Haselbach, 2010). 

However, the findings from such studies are not consistent, and this can be 

attributed to differences in the clogging material, the pore structure of the 

samples tested, exposure conditions and other variables. Therefore, the 

variable findings are due to researchers using a range of different test 

methodologies. It would clearly be beneficial to have a standardised approach 

to evaluate the long-term performance of permeable concrete under 

conditions that mimic natural exposure environments where clogging occurs.  

The problem which leads to clogging in existing permeable concrete 

is the pore network that is highly tortuous, with variable cross-section and 

random interconnectivity. Tortuosity is a measure of geometric complexity 

of a porous medium – in this case permeable concrete (Bear, 1988). 

Therefore, the different flow paths through permeable concrete have different 

tortuosity and the higher the tortuosity, the greater the probability of retaining 

and accumulating within narrow constrictions. As such, the potential for 

clogging increases with increased tortuosity. As a result, it is important to 

develop a high strength clogging resistant permeable concrete that has a 

uniform pore structure with tortuosity of 1 such that surface runoff is 
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effectively transferred from one side of the permeable concrete pavement to 

the other with minimal risk of solids accumulating.  

High strength clogging resistant permeable concrete must retain 

sufficient porosity and permeability for storm-water to infiltrate throughout 

the service life while having high compressive strength to utilise permeable 

concrete in heavy loading pavements. The research challenge is to develop 

ways by which this type of permeable concrete can be poured on-site to form 

a low tortuosity pore structure, without reducing the mechanical properties of 

the concrete. Solving the problem of clogging will make permeable concrete 

more efficient, resilient and cost effective, thereby promoting wider use. 

 

1.2 Objectives and scope 

This thesis primarily focuses on developing an understanding of 

clogging and permeability degradation of permeable concrete pavements over 

time. It aims to identify the effect of pore structure on clogging, and to 

develop methods to characterise clogging potential as a performance indicator 

and/ or for use in predictive modelling and finally develop new forms of 

permeable concrete that are more durable and resistant to clogging.  

There are no universally accepted mix design methods for permeable 

concrete and as such several mix proportioning methods have been 

recommended. The effect of different mix proportioning methods on 

properties of permeable concrete will be investigated. The mix design method 

that results in samples with measured void content close to the design porosity 

will be used in preparing permeable concrete samples. 
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The permeability of a range of porous materials with different porosity 

will be tested to study the effect of pore structure on clogging. Permeability 

cell will be modified to measure permeability at different hydraulic gradients 

in order to simulate different field conditions. As there are variable findings 

on the effect of sediment type on clogging, new test methods that mimic a 

series of severe clogging events will be developed to study clogging in porous 

materials of varying porosity and to define clogging potential. Deposition 

patterns and severity of different clogging agents will also be determined. 

Finally, this study will develop a high strength clogging resistant 

permeable pavement that not only is capable of retaining sufficient 

permeability for storm-water to infiltrate throughout the service life but will 

also have high mechanical properties in order to utilise permeable pavements 

in heavy loading applications. 

 

1.3 Thesis outline 

This thesis is divided into eight chapters. Chapter 1 outlines the 

motivation, objective and scope of the study. Chapter 2 provides a literature 

review on the subjects relevant to the scope of this thesis. Chapter 3 details 

the experimental approach, test procedures and instrumentation/ test rigs 

used.  

The main findings of this study are presented in the next three 

chapters. Limited information is available on how the pore structure of 

permeable concrete and the characteristics of sediment particles influence 

clogging. In Chapter 4, new test methods are developed to study clogging 

mechanisms in permeable concrete. A key objective is to identify the effect 
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and deposition pattern of different sediment particles on pore structure of 

porous media and to define a clogging potential.  

The problem with current permeable concrete is that it is highly 

susceptible to clogging and periodic maintenance/cleaning is essential to 

retain function. Research has focused on different methods to restore the 

permeability of permeable concrete. However, the maintenance methods used 

are not particularly effective for clogging particles that accumulate below the 

surface. Chapter 5 presents a new design for clogging resistant permeable 

pavement that can retain sufficient porosity and permeability for storm-water 

to infiltrate throughout the service life. This involved engineering controlled 

connected porosity into the concrete in the direction of flow so that surface 

runoff is effectively transferred from one side of the permeable pavement to 

the other with minimal risk of solids accumulating.  

In order for the new design to be considered a truly successful 

innovation it is necessary to examine means by which the work done in a 

laboratory setting can be utilised in a large-scale commercial setting. Chapter 

6 investigates into possible in-situ and pre-cast delivery methods. 

Finally, Chapter 7 summarises the key findings from this thesis and 

Chapter 8 gives suggestions and recommendations for further work. 
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Chapter 2  

Literature review 

 

This chapter presents a literature review on the subjects relevant to the 

scope of this thesis. Topics covered include properties of permeable concrete, 

factors influencing performance of permeable concrete, research related to 

understanding clogging mechanism under both laboratory and field 

conditions and methods to unclog permeable concrete. 

 

2.1  Properties of permeable concrete 

2.1.1  Composition and mix design  

Permeable concrete (or “pervious concrete” in North America), 

shown in Fig. 2.1, is used to reduce local flooding in urban areas and is an 

important sustainable urban drainage system.  Materials used in permeable 

concrete are the same as in normal concrete, but the mix proportioning is 

different. The aim in permeable concrete mix design is to achieve a balance 

between voids, strength, paste content and workability. Fine aggregate 

content is significantly reduced (Tennis et al., 2004; Obla 2007). Various mix 

proportioning methods have been recommended, and the most important 

requirement is to provide sufficient cement paste to bind aggregates to 

achieve the required strength and high void content. Absolute volume method 

is often used in mix design (ACI, 2010; NRMCA, 2009; Deo and Neithalath, 
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2011; and Sumanasooriya and Neithalath, 2011). Other approaches have been 

suggested. Nguyen et al. (2014) developed a mix proportioning method based 

on excess paste theory. Yahia and Kabagire (2014) proposed a method based 

on volumetric ratio of paste to inter-particle voids. ACI (2010) recommends 

a repeated trial-and-error approach to mix design and field testing until the 

desired properties are achieved.  The range of permeable concrete mix 

proportions are summarised in Table 2.1 compiled from literature (Montes 

and Haselbach, 2006; Wang et al., 2006; Sumanasooriya et al., 2012; 

NRMCA, 2009; Ibrahim et al., 2014; Crouch et al., 2006; Mata and Leming, 

2012; Sonebi and Bassuoni, 2013; Meininger, 1988; Ghafoori and Dutta, 

1995). This shows a huge variation in the mix composition of permeable 

concrete. This is partly due to the fact that permeable concrete can have 

different performance requirements and that no single universally accepted 

mix design method exists.  

 

Fig. 2.1. Cross-section of a typical permeable concrete with porosity of 22%. 

 

Coarse Aggregates 
 

Cement Paste Open Pores 
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Table 2.1 Mix proportion data reported in the literature for permeable 

concrete. 

 

 
 

 
* Portland cements and blended cements containing supplementary cementitious 
materials, including fly ash (5-65% wt. cement replacement), ground granulated 
blast furnace slag (20-70% wt. cement replacement) and silica fume (5-12% wt. 
cement replacement) can be used in permeable concrete.  
** Fine aggregate content is typically limited to 0-7% wt. coarse aggregate 
content. 

 

2.1.2  Compressive strength 

Compressive strength of permeable concrete at 28-day can range from 

1 to 28 MPa, increasing to 46 MPa with addition of silica fume, fine aggregate 

content and superplasticisers (Ibrahim et al., 2014; Tennis et al., 2004; Lian 

and Zhuge, 2010). A design strength of 13.8 MPa would be required for 

pavements and footpaths not exposed to vehicles (Crouch et al., 2006; ACI, 

2010). Pavements exposed to traffic require strengths greater than 20.7 MPa, 

and these are usually limited to low speed and/or infrequent usage (Hager, 

2009). The strength of permeable concrete is mainly determined by total 

  Reported range 

Cement* 150 – 700 kg/m3 

Coarse Aggregate 

Fine Aggregate** 

1100 – 2800 kg/m3 

0 – 100 kg/m3 

Water / Cement ratio  0.2 - 0.5 

Aggregate / Cement ratio  2 - 12 

Fine / Coarse Aggregate ratio  0 - 0.07 
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porosity, which in turn is influenced by a host of factors such as cement 

content, water/cement ratio, aggregate characteristics and extent of 

compaction during placement. Fig. 2.2 plots strength against porosity for a 

wide range of permeable concrete mixes compiled from literature (Wang et 

al., 2006; Sumanasooriya and Neithalath, 2011; Sumanasooriya et al., 2012; 

NRMCA, 2009; Kevern et al., 2010; Ibrahim et al., 2014; Lian and Zhuge, 

2010; Sonebi and Bassuoni, 2013; Meininger, 1988). As expected, a strong 

correlation is observed. On average, strength decreased by about 3% for every 

1% increase in void content.  

 

 

Fig. 2.2. Correlation between compressive strength and porosity for a wide 

range of permeable concretes reported in the literature. 
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2.1.3  Pore structure 

The pore structure of permeable concrete consists of large 

interconnected voids with sizes ranging from 2 to 8 mm depending on mix 

proportion, aggregate used and degree of compaction (Tennis et al., 2004; 

Neithalath et al., 2008). These are the pores of interest because they control 

the performance of permeable concrete (Meininger, 1988; Ghafoori and 

Dutta, 1995). The volume fraction, size distribution and topological structure 

of the pores are the critical parameters controlling permeable concrete 

behaviour (Sansalone et al., 2008). Permeable concrete also contains very fine 

capillary and gel pores that are inherent features of the cement paste, with 

characteristic size ranging from several microns to nanometres. However, 

these pores make insignificant contribution to water percolation and so are of 

less interest. As noted earlier, the void content of permeable concrete is 

typically 15-35%, depending on a host of variables such as cement paste 

fraction, aggregate content, gradation and particle shape, water/cement ratio 

and compaction effort (ACI, 2010). These dependencies will be examined 

further in Section 2.2. Concretes with porosity < 15% tend to give very slow 

water percolation due to insufficient interconnected voids (Meinenger, 1988). 

Porosities > 35% result in highly permeable, but very weak concretes (Fig. 

2.2). 

 

2.1.4  Permeability 

Permeability is a property that describes the relative ease with which 

a porous medium transmits liquid under a hydraulic gradient. It is dependent 

on the pore structure, but the exact relationship is complex. An extensive 

survey of literature reveals that the permeability of permeable concrete varies 

widely, from 0.003 to 3.3 cm/s (Montes and Haselbach, 2006; Wang et al., 
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2006; Deo et al., 2010; Sumanasooriya and Neithalath, 2011; Sumanasooriya 

et al., 2010; Sumanasooriya et al., 2012; NRMCA, 2009; Haselbach, 2010; 

Haselbach, 2010 (2); Kevern et al., 2010; Ibrahim et al., 2014; Coughlin et 

al., 2012; Crouch et al., 2006; Mata and Leming, 2012; Lian and Zhuge, 2010; 

Sonebi and Bassuoni, 2013; Meininger, 1988). The compiled permeability 

data is plotted against porosity in Fig. 2.3. Although a general trend of 

increasing permeability with increasing porosity is observed, there is large 

scatter and weak correlation, in contrast to the strength-porosity data shown 

in Fig. 2.2. This is partly because permeability is not only dependent on total 

pore volume, but also other characteristics such as size distribution, shape, 

degree of connectivity and tortuosity of the pores. Another reason for the 

scatter is that differences in testing procedure (e.g. falling head vs. constant 

head method) may influence results. An interesting observation from Fig. 2.3 

is that some permeable concretes display near zero permeability despite 

having very high porosity (> 15%). These concretes were probably affected 

by “paste drain down” that causes localised pore blockage (see Fig. 2.4 and 

Section 2.2.1). 
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Fig. 2.3. Correlation between permeability and porosity for a wide range of 

permeable concretes reported in the literature. 

 

2.1.5  Durability  

The service life of permeable concrete ranges from 6 to 20 years and 

end-of-life is usually caused by either clogging (discussed in Section 2.3), 

freeze-thaw degradation or excessive surface ravelling (Chopra et al., 2007). 

Similar to normal concrete, freeze-thaw degradation of permeable concrete 

increases at higher degree of saturation (Yang et al., 2006). Voids in 

permeable concrete can offer some resistance to freeze-thaw degradation 

provided they empty before freezing, and therefore placing permeable 

concrete over drainable sub-base is recommended (Tennis et al., 2004; 
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Gunderson, 2008). Kevern et al. (2009) observed that air provides insulation 

that warms the pavement and underlying soils, delaying ice formation. 

However, clogging would prevent draining and exacerbate degradation. 

Furthermore, soil particles trapped within permeable concrete may become 

saturated and expand by 2-3% under freezing conditions. Measures that 

enhance resistance to freeze-thaw degradation include entraining air in 

cement paste (Tennis et al. 2004; Kevern, 2008), addition of fine aggregate 

(Wang et al., 2006; Kevern et al., 2008) and polypropylene fibres (Kevern, 

2008; Yang, 2011). However, poorly compacted samples show rapid freeze-

thaw deterioration (Suleiman et al., 2006). Premature failures of field 

permeable concretes have been documented (Hager, 2009; Weiss et al., 

2015). For example, several incidences of premature failure of wearing 

surfaces (ravelling) led to a moratorium on permeable concrete in Denver by 

the Urban Drainage and Flooding Control District (UDFCD) (MacKenzie, 

2008, 2013). Subsequent investigations found several factors had caused the 

failures including poor uniformity of void content, poor air entrainment, 

deicing salt scaling, and improper placement and curing.   

 

2.2  Factors controlling the performance of permeable 

concrete 

2.2.1  Cement content and water/cement (w/c) ratio 

High compressive strength is achieved by increasing cement content, 

but excessive cement results in filled voids and reduced porosity. Conversely, 

insufficient cement results in poor aggregate coating and low compressive 

strength. The optimum cement content is dependent on aggregate size 

distribution (ACI, 2010). The optimum w/c ratio is typically between 0.26-
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0.45. Ghafoori and Dutta (1995) determined that the optimum w/c ratio was 

0.37-0.42 for an aggregate/cement (a/c) ratio of 4-6. Smith (2004) reported 

that w/c ratio of 0.27-0.31 was necessary for proper performance of 

permeable concrete. ACI Committee 522 (2010) recommends w/c ratio of 

0.26-0.40 to produce good aggregate coating and paste stability. Lower w/c 

ratios cause balling and sticking of the concrete during mixing, while higher 

w/c ratios produce a thin paste that can run-off the aggregate during 

placement, blocking pores (Meininger, 1988). Similarly, high cement paste 

content can cause localised clogging when the paste drains down the 

permeable concrete, resulting in a dense paste-rich lower layer. This effect, 

shown in Fig. 2.4, will produce concretes with poor infiltration capacity 

despite high porosity. The conventional inverse relationship between w/c 

ratio and compressive strength does not apply to permeable concrete. At 

constant aggregate and cement content, increasing w/c ratio increases 

strength because excess cement paste fills open voids. In contrast, reducing 

w/c ratio increases void content and infiltration rates (Schaefer et al., 2006). 

 

Fig. 2.4. Permeable concrete as cast (left) and rotated (right) showing the 

bottom is completely blocked by paste drain down possibly due to excessive 

cement paste content, w/c ratio and/or compaction. Sample is a 100 mm cube. 
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2.2.2  Aggregates 

Aggregates in permeable concrete are single-sized or narrowly graded 

between 9.5-19 mm (ACI, 2010). Narrow grading and larger particle size 

produce larger pores and improves permeability. Blending aggregates of 

different sizes improves mechanical properties, but this is not recommended 

for permeable concrete because it reduces porosity and infiltration rates 

(Schaefer et al., 2006). Rounded aggregates such as gravel produces lower 

void content and increases compressive strength. Angular aggregates tend to 

be oriented in one plane during compaction, adversely affecting contact area 

and bonding. Flaky and elongated aggregate particles are avoided.  (Lian and 

Zhuge, 2010; Kevern et al., 2010; Tennis et al., 2004). Fine aggregate is 

usually excluded from permeable concrete, but addition of a small fraction 

(up to 7% wt. coarse aggregate) increases compressive and flexural strengths, 

density and freeze-thaw durability, while maintaining sufficient infiltration 

capacity (Schaefer et al., 2006; Wang et al., 2006; Kevern et al., 2008; 

Henderson and Tighe, 2012). Aggregate to cement (a/c) ratio is typically in 

the range of 4.0 to 4.5 (ACI, 2010). Increasing the a/c ratio increases 

permeability but decreases compressive strength because less cement paste 

binds aggregate particles (Ghafoori and Dutta, 1995). Aggregate moisture 

content is important because dry aggregates reduce workability for placing 

and compaction, while wet aggregates contribute to paste drain down, 

potentially clogging the concrete (ACI, 2010). Therefore, aggregate moisture 

content should be accounted for in mix design, and batch water adjusted to 

compensate for aggregate absorption or excess water associated with wet 

aggregate.  
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2.2.3  Chemical admixtures 

Chemical admixtures are used to improve the properties of fresh and 

hardened permeable concrete in a similar manner to normal concrete (ACI, 

2010). Water reducing admixtures increase workability at low w/c ratio. 

Retarders are used to extend workability by decreasing the rate of cement 

hydration and reduce excessive heat of hydration during early ages. Retarders 

also act as lubricants to help discharge stiff mixes from the mixer, improving 

handling and the in-place performance of permeable concrete (ACI, 2010). 

Viscosity modifying admixtures can produce a more cohesive mix and inhibit 

paste drain down. Air entraining admixtures are used in permeable concretes 

susceptible to freeze/thaw degradation in cold climates (Schaefer et al., 2006; 

Kevern, 2008; Kevern et al., 2010). Unfortunately, no reliable methods exist 

to quantify the entrained air voids in permeable concrete (ACI, 2010). 

Therefore, ensuring adequate air entrainment (volume, spacing) for frost 

protection in field permeable concrete is difficult.  

 

2.2.4  Placing, compaction and curing 

Freshly mixed permeable concrete contains little excess water and so 

it should be placed close to its final position as soon as possible to prevent 

drying out, which can lead to low strength and surface ravelling. Compaction 

affects many properties of permeable concrete. Insufficient compaction 

causes low-strength and surface ravelling, while over-compaction reduces 

void content and the ability to drain surface water (Meininger, 1988; Schaefer 

et al. 2006; Sumanasooriya and Neithalath, 2011). Over-compaction may also 

cause paste drain down. Permeable concrete pavements are usually roller 

compacted. The roller consolidates near surface aggregates, resulting in a 

stronger bond but decreases surface permeability. Excessive rolling pressure 
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can cause void collapse. Permeable concrete pavements are not finished in 

the same way as normal concrete because floating and trowelling operations 

close surface voids (Tennis et al., 2004; ACI, 2010; Obla, 2010). 

Permeable concrete pavements are more susceptible to damage from 

improper curing than conventional concrete pavements because of the high 

surface area and open void structure. Curing of permeable concrete 

pavements typically uses plastic sheeting cover. This must start within ~ 20 

minutes of placement and last for 7-10 days and longer in cold climates. 

Concrete not sufficiently cured may ravel if the cement paste dries out before 

achieving adequate strength (Tennis et al., 2004; Smith, 2004). The method 

of construction is regarded as most critical for permeable concrete, but many 

variations exist and their impact on long-term durability is not well 

understood. Furthermore, field quality control and assurance that proper 

compaction and curing is achieved on site is difficult. 

 

2.3  Clogging mechanism  

Permeable pavements will clog over time as solid particles are 

retained and accumulate. Percolating stormwater carries with it a range of 

solids and the problem is exacerbated by traffic that breaks these down into 

finer particles. The particles fill and block void spaces, allowing further 

accumulation of fines. On drying, the accumulated particles form a hard crust 

that seals the voids (Pratt et al., 1995). These processes reduce infiltration 

rates, eventually causing surface overflow and ponding when the infiltration 

rates become less than the rainfall intensity.  

Materials that cause clogging include sediments (sand, silt, clay) that 

may have eroded from surrounding areas, debris from road surfaces or from 
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other areas carried and deposited by vehicles, small particles originating from 

the pavement itself due to surface wear or other degradation, and organic 

matter from surrounding vegetation (Ferguson, 2005). Welker et al. (2013) 

analysed material removed from voids of permeable asphalt and permeable 

concrete taken from a car park. They found very little fine sediments and most 

material was from deterioration of the pavements. Permeable concrete 

showed greater surface ravelling. Details of the work are summarised in Table 

2.2. Another study observed that the majority of the sediment removed 

consisted of particles > 38 μm from surrounding vegetation (Kayhanian et al., 

2012). 
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Table 2.2 Summary of selected studies on clogging of permeable concrete, arranged according to publication date. 

Study Details 

Guthrie et 

al., 2010 

Assessed the effects of clogging and water saturation on resistance of permeable concrete to freeze-thaw. Carried out field 

measurements of stiffness and compressive strength on slabs subjected to the following conditions: a) unclogged, soaked, and 

completely submerged in water; b) unclogged, soaked, drained, and sealed and; c) clogged, soaked, drained, and sealed. Clogging 

was performed using poorly graded sand (< 0.297 mm) collected from the site. Results showed that samples that were clogged or 

fully saturated or both, deteriorated at a faster rate than those that remained unclogged and unsaturated. 

Tong, 2011 

Subjected samples (15, 20 and 25% porosity) to 0.82 kg of sediments (sand and clayey silty sand) over 20 cycles to simulate 20 

years of sedimentation load. Each consisted of clogging, rehabilitation and permeability measurement. Permeability of samples 

clogged with sand recovered by 4-9.4% when cleaned by pressure washing and by 2.4-9.6% when vacuum swept. Permeability of 

samples clogged with clayey silty sand recovered by 9.4-15% when cleaned by pressure washing and by 10.3-12.5% when vacuum 

swept. Samples with higher initial porosity achieved higher recovery following rehabilitation.  

Schaefer et 

al.,  

2011 

Exposed samples (15, 20 and 25% porosity) to 20 clogging cycles of either sand, silty clay or silty clayey sand (5 g per cycle) to 

simulate 20 years of service life. Samples with lower initial porosity showed less reductions in permeability because smaller voids 

prevented sediments from entering and clogging the sample. Silty clay and sand caused the highest reductions (93-96%) in the 

permeability of all samples, with complete clogging occurring after a small number of cycles due to the wider particle size 

distribution and the cohesive nature of clay.  

Coughlin et 

al., 2012 
Studied the effect of sand and clay clogging on pavement system made with permeable concrete overlying aggregate sub-base and 

sand subgrade. Infiltration rate and head loss were recorded for a series of eight runs: a) one run without clogging materials; b) 
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three runs with increasing amounts of sand (20 to140 g); c) three runs with increasing amounts of clay (2 to 14 g); and d) one run 

after pressure washing. Concluded that clay caused ~ ten times more clogging per unit mass than sand. Pressure washing was 

ineffective at restoring infiltration capacity because of subgrade clogging.  

Kayhanian 

et al., 2012 

Measured permeability of 20 permeable concrete pavements from car parks, aged 1 to 8 years, and observed huge property variation 

within each and all sites. This was attributed to differences in age, clogging, traffic volume, construction and degradation. Image 

analysis and porosity profiles showed most clogging occurred in the top 25 mm, but some cores showed reduced porosity up to 

100 mm below surface. Majority of sediment removed were particles > 38 μm from surrounding vegetation and surface ravelling. 

Sediments < 38 μm caused more clogging because of tendency to accumulate at the filter fabric. Other influencing factors included 

the number of days exposed to > 30°C (influences tyre degradation) and the amount of vegetation near site.  

Welker et 

al., 2013 

Analysed clogging material from permeable concrete and asphalt pavements, both installed side by side in a car park subjected to 

similar runoff, pollutant and vehicular loading. Initial porosities of the pavements were 27% and 25% respectively. Pavements 

were maintained every six months by vacuum sweeping. Particle size analysis showed most of the collected material was large 

particles from deterioration of the pavements themselves (surface ravelling). Of the material collected, 66% came from permeable 

concrete and 34% from permeable asphalt, indicating that the former had greater surface ravelling.  

Hein et al. 

2013 

Tested the effectiveness of power blowing, pressure washing, and vacuuming in recovering the infiltration capacity of 6 × 18 m 

permeable concrete parking slabs subjected to storm-water runoff containing silt, clay and organics. Samples had porosities of 18.5 

to 27% and average infiltration rate of 2030 cm/hr. Infiltration tests were performed using falling head apparatus before and after 

cleaning. Results showed that vacuuming followed by pressure washing was most successful in improving infiltration rates. 

Pressuring washing was more effective than power blowing, but no improvements achieved by combining the two.  
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A number of studies investigated the effect of sediment type on 

clogging potential under controlled laboratory conditions. Some observed 

that coarse sand particles did not significantly reduce permeability as these 

large particles were prevented from entering surface pores (Coughlin et al., 

2012; Deo et al., 2010). However, Schaefer et al. (2011) found that sand 

caused significant reduction in permeability, while fine-grained silty clay 

produced almost no effect. Combination of silty clay and sand caused the 

highest reductions in permeability, with complete clogging after a small 

number of cycles. This was due to the wider particle size distribution which 

increases the probability of retention, and the cohesive nature of clay led to 

more surface interaction and particle adhesion. The work of Coughlin et al. 

(2012) concluded that clay caused approximately ten times more clogging per 

unit mass than sand. The findings from such studies are not always consistent 

with each other, and this can be attributed to differences in the clogging 

material, pore structure of the tested samples, exposure conditions and other 

variables. The clogging potential is probably highest when the sediment 

particle size is close to the pore size of permeable concrete (ACI, 2010).  

Kevern (2015) measured the infiltration rates of permeable concrete 

slabs (350 × 350 × 150 mm) clogged with silty soil slurry (34% < 0.074 mm), 

landscaping compost (15% < 0.074 mm) and a combination of soil slurry and 

compost. Despite all samples being prepared by a single operator using the 

same procedure, the initial infiltration rates of unclogged samples were highly 

variable and ranged from 140 cm/h to 1380 cm/h. After testing, the samples 

were washed with a standard hand-held hose and cleaned with an industrial 

vacuum cleaner to determine the extent of infiltration recovery. Samples 

clogged with compost had higher post-clogging infiltration and recovery rates 

than samples clogged with soil slurry. The greatest clogging effect was 

caused by a combination of soil slurry and compost. Samples with high initial 
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infiltration also showed high recovery rates, but significant infiltration 

capacity was permanently lost as the recovery was only ~ 50% of initial 

capacity. 

Some studies have observed that clogging usually occurs on the 

surface or in the upper layer of the permeable pavement (Kayhanian et al. 

2012, Yong et al. 2013), while others found that particles are just as likely to 

clog within the permeable concrete or underlying soil (Chopra et al., 2010; 

Mata and Leming 2012). These variable findings suggest that there is no 

single location or depth within the permeable concrete where clogging 

usually occurs.  

The actual deposition pattern will depend on the size of the clogging 

particles relative to the pore size in permeable concrete, as shown 

schematically in Fig. 2.5. Particles that are much larger than the pores will 

retain on the top surface (Fig. 2.5a), forming a blanket like deposition layer. 

Finer particles tend to trap within the permeable concrete away from the 

surface (Fig. 2.5b). Very fine particles such as silt and clay can be carried 

through but may still clog when deposited at pore constrictions or at the 

bottom of the pavement, at the interface with the aggregate sub-base or 

subgrade soil (Mata, 2008; Mata and Leming, 2012). A typical permeable 

pavement system consists of a top permeable concrete layer placed above a 

sub-base coarse aggregate layer and subgrade soil (Fig. 2.6). Geotextile fabric 

(Fig. 2.6) may be used between layers to prevent transfer of fines and as a 

filter to improve water quality (Scholz, 2013), but accumulation of solids on 

the fabric increases clogging risk and reduces infiltration rates (Boving et al., 

2008; Brown et al., 2009; Kayhanian et al., 2012).  
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(a) 

 

(b) 

Fig. 2.5. Schematics showing how different sized particles are likely to clog 

permeable concrete: (a) large particles relative to the pore size are 

predominantly caught at the top surface or migrate only a short distance into 

the concrete; and (b) fine particles can migrate deeper into the permeable 

concrete where they cause clogging. 
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Fig. 2.6. Schematic cross-section of a typical sustainable urban drainage 

system incorporating a permeable concrete layer. 

 

Another factor influencing clogging is climatic exposure conditions. 

Yong et al. (2013) investigated the clogging process of permeable asphalt, 

block pavers and resin bound paving. Although these are not permeable 

concrete, the findings are relevant. Each permeable pavement type was tested 

by exposure to either constant storm-water inflow rate with no drying periods 

or variable inflow rates with drying periods. The flow contained sediments 

with 10% wt. particles < 5 µm and 10% wt. particles > 147 µm, obtained from 

actual storm-water. Each run was continued until the pavements were 

clogged, defined as when ponding was 30 mm above the surface or when 

outflow decreased to 10% of the initial rate. It was found that regardless of 

the pavement type, clogging was delayed in systems exposed to variable flow 

and drying periods, which had almost twice the lifespan of pavements 

receiving continual wetting. The earlier onset of clogging is believed to be 
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caused by biological growth, which occurs faster in continuous wet 

conditions (Watson-Craik and Jones, 1995; Mackey and Koerner, 1999).  

It is also worth noting that clogging accelerates freeze-thaw 

degradation. For example, Guthrie et al. (2010) evaluated the resistance of 

permeable concrete to freeze-thaw degradation at different levels of soil 

clogging and water saturation. Clogging was performed using poorly graded 

sand (fraction passing 0.297 mm sieve) collected from the vicinity of an 

actual permeable concrete slab to mimic field conditions. It was found that 

specimens that were clogged or fully saturated or both, deteriorated at a faster 

rate than those that remained unclogged and unsaturated. The average number 

of freeze-thaw cycles to failure was 93 for clogged specimens compared to 

180 for unclogged specimens, and 80 for saturated specimens compared to 

193 for unsaturated specimens. However, strength and stiffness 

measurements indicated no significant differences in structural properties 

between the clogged and unclogged locations. This was because only the 

upper 25-50 mm of the 180 mm permeable concrete was filled with soil in 

clogged locations and the remaining depth was water free. 

 

2.4 Field investigations 

Field measurements have observed huge variation in the properties of 

permeable concrete. For example, Kayhanian et al. (2012) measured the 

permeability of 20 permeable concrete pavements in car parks in California, 

with ages ranging from 1 to 8 years. Measurements were taken at the main 

entrance, an area with no traffic, and three measurements within a parking 

space at each car park. The permeabilities measured ranged from 0.0002 to 

1.82 cm/s. Large variability was observed within each and between all 

parking spaces, and this was attributed to differences in traffic volume at each 
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site, inconsistency in pavement construction and damage to the pavement in 

the testing area. The most important factors influencing permeability were the 

age of the concrete and the amount of accumulated fine sediments. Older 

samples showed lower permeability due to increased clogging. This was 

consistent with the findings of Razzaghmanesh and Beecham (2018) who 

have found the infiltration rate to reduce two years after installation of the 

permeable pavement. 

The type of pavement use influences the permeability. For instance, 

traffic lanes have lower infiltration capacity compared to parking spaces 

because of the greater amount of sediments that typically falls on traffic lanes 

(Henderson and Tighe, 2012). This is consistent with Kumar et al. (2016) who 

measured the in-situ infiltration performance of three permeable pavements 

(pavers, concrete and asphalt) placed in a car park over a four-year period. 

The highest infiltration rate was observed in permeable asphalt, followed by 

permeable concrete and permeable pavers. The infiltration rate in traffic areas 

was at least 50% lower than in parking areas. This was attributed to higher 

surface wear causing increased pore clogging in traffic areas. 

Long-term field performance of permeable concrete pavements has 

been reported in a number of studies. A notable example is Radlinska et al. 

(2012) who worked on the Storm-water Research and Demonstration Park, 

Villanova University, constructed in 2002, and primarily used by pedestrians. 

However, it was demolished in 2012 due to degradation. Samples were 

examined for porosity, compressive strength and clogging. Significant 

variations were observed in strength (15.6-43.0 MPa) due to inconsistencies 

in placement and curing. Porosity examined using image analysis was found 

to range from 1 to 26%, with only a fifth of the samples having values >15%, 

which is the lower limit for permeable concrete. Porosity near the top surface 

was consistently lower than deeper sections, indicating loss in surface 
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infiltration capacity. Moreover, the sediments in void spaces resembled 

hardened cement paste, indicating freeze/thaw induced spalling and clogging 

by loose particles. In addition, some samples had reduced surface void 

content due to excessive compaction. Field infiltration tests indicated that the 

top surface was sealed, preventing infiltration into the pavement. These 

results were consistent with porosity profiles from image analysis. Improper 

construction had led to irregular pore distribution, variable strength and 

sealed surfaces preventing infiltration. 

Boogaard et al. (2014) reported the serviceability of 55 permeable 

pavements from Australia and the Netherlands with ages ranging from 1 to 

12 years, evaluated using double ring infiltrometer testing. The permeable 

pavements were compared in terms of their ability to infiltrate either a 3-

month average recurrence interval storm event for the Australian pavements, 

or to satisfy the minimum European infiltration rate of 97.2 mm/h for the 

Dutch pavements. Over 90% of the 55 pavements tested were able to infiltrate 

to these standards. However, the infiltration capacity of permeable pavements 

decreased with pavement age due to cumulative clogging by sedimentation, 

poor installation of older pavements and poor maintenance.  

Brown and Borst (2013) and Razzaghmanesh and Borst (2018) 

investigated the progression of clogging in a permeable interlocking concrete 

section by employing time domain reflectometers (TDRs), water content 

reflectometers (WCRs) and buried tipping bucket rain gauges in Louisville, 

Kentucky and Fort Riley, Kansas respectively. The results from a series of 

WCRs installed in the direction of expected clogging in Louisville indicated 

that surface clogging was advancing at a rate of about 0.123 m/mm of rainfall 

based on the first three months of monitoring. Based on this rate of surface 

clogging and the annual rainfall depth in Louisville, about four maintenance 

events per year is required in Louisville, whereas in Fort Riley annual 
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maintenance is required. Therefore, clogging rate is dependent on the size of 

the contributing drainage area as well as the rainfall characteristics.  

The Urban Drainage and Flooding Control District (UDFCD) have 

extensive experience with installing, testing and monitoring permeable 

concrete pavements in Colorado. By 2008, surface ravelling and erosion 

problems in a number of installations led the UDFCD to issue a temporary 

moratorium on permeable concrete until further investigation (MacKenzie, 

2008). Subsequently, UDFCD collaborated with Colorado Ready Mix 

Concrete Association (CRMA) to develop new design guidelines for 

permeable concrete (CRMA, 2009) and lifted the moratorium. A permeable 

concrete demonstration pad was constructed at the National Renewable 

Energy Laboratory (NREL) using the new design specifications but 

deteriorated heavily in 2011 after only two years of service. As a result of the 

failure at the NREL site and poor structural performances at other sites, 

UDFCD removed permeable concrete as a possible sustainable storm-water 

quality best management practice from their urban storm drainage criteria 

manual (MacKenzie, 2013).  

 

2.5 Methods to unclog permeable concrete 

Permeable concrete pavements require regular maintenance to 

preserve performance and effectiveness. The main focus of maintenance is 

removing particles causing clogging to recover infiltration capacity. 

Pressure/power washing with water and vacuum sweeping (or a combination 

of these) are the most recommended methods to rehabilitate clogged 

permeable concrete (EPA, 2004; Golroo and Tighe, 2012; Drake and 

Bradford, 2013). Pressure washing uses a power head cone nozzle to weaken 

the bond between clogging particles and the pavement to enable their 
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removal. In vacuum sweeping, clogging particles are sucked out to re-open 

blocked pores.  

The recommended frequency of maintenance ranges from at least 

once per year (Drake and Bradford, 2013) to two to four times per year 

(Gunderson, 2008; Henderson and Tighe, 2012), depending on the site and 

weather conditions. More frequent maintenance is required in areas subjected 

to higher debris concentrations and deposition rates.  

The effectiveness of pressure washing, vacuuming and combination 

of these techniques for restoring infiltration capacity of clogged permeable 

concrete has been investigated in a number of studies. Findings have varied 

between different studies and indeed, sometimes within a single study. These 

variations can be attributed to differences in the permeable concrete (mix 

design, construction technique, homogeneity, age etc.), pavement usage, 

clogging material and process, test procedure, and history prior to 

maintenance. Overall results suggest that these maintenance techniques can 

often restore permeability at least partially, although the economic and 

practical viability are questionable.  

For example, Chopra et al. (2010) found that combining vacuuming 

and pressure washing gave the highest recovery in permeability, and pressure 

washing alone was more effective than vacuuming. However, this was based 

on laboratory experiments in which samples were washed with an open base, 

rather than mounted on a normal base course. Furthermore, high pressure 

washing dislodges particles and may push them into the pavement, causing 

further clogging. Coughlin et al. (2012) found that pressure washing was not 

effective at restoring infiltration of samples clogged with sand and clay 

because most of the head loss occurred in the subgrade rather than in the 

permeable concrete. Similarly, Haselbach (2010) reported clogging of 

permeable concrete by clay (bentonite, kaolinite and red clay) and subsequent 
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improvements after drying, brushing and flushing with water, but found 

limited success in restoring infiltration rates because of the difficulty in 

cleaning samples in which clogging materials accumulated below the 

pavement surface.  

Field tests by Henderson and Tighe (2011) found that pressure 

washing and vacuuming did not effectively rejuvenate permeable concrete 

pavements. Instead, they reported that sweeping with a stiff broom to agitate 

debris in surface voids, followed by rinsing the pavement with a garden hose 

was effective. However, mechanical sweeping is generally not a 

recommended approach because it pushes particles further into the pavement 

rather than removing them. Henderson and Tighe (2011) also observed that it 

is extremely difficult to restore permeability to initial values for pavements 

that had low initial infiltration rates (due to poor mix design and/or improper 

construction). Similarly, Schaefer et al. (2011) observed that maintenance 

methods were more effective on high porosity samples, but had negligible 

effect on specimens with < 15% porosity. This is also consistent with Tong 

(2011) who found that samples with higher initial porosity achieved improved 

recovery. Therefore, the recovery rate is strongly influenced by sample 

porosity, pore size distribution and connectivity. 

Vacuum sweeping is faster than pressure washing, but only extracts 

particles that are close to the surface of the pavement (Chopra et al., 2010; 

Schaefer et al., 2011; Vancura et al. 2012). Mata and Leming (2012) found 

that vacuum sweeping could partially restore the infiltration capacity of 

permeable concrete. Drake and Bradford (2013) found that vacuuming was 

effective at one site investigated but not at another. Manahiloh et al. (2012) 

measured porosity profiles of permeable concrete cores using X-ray 

tomography to assess the effect of age on the nature and extent of clogging.  

The average porosity of one-year old samples was 26.0%, compared to 18.1% 
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for eight-year old samples. Vacuum sweeping increased the average porosity 

of one-year old samples from 26.0% to 29.0% and eight-year old samples 

from 18.1% to 19.1%. The lower porosity and recovery rates of old samples 

in comparison to young samples was related to the extent of clogging.  

According to the ACI Committee 522 (2010), the most effective 

cleaning regimes use vacuum sweeping followed by pressure washing. 

Chopra et al. (2010) found that combining vacuuming and pressure washing 

produced the highest recovery in permeability. Schaefer et al. (2011) showed 

that vacuum sweeping and pressure washing gave approximately the same 

permeability recovery, while combining vacuum sweeping and pressure 

washing produced higher recovery. Hein et al. (2013) also found that pressure 

washing and vacuuming were effective initial cleaning methods, but that 

vacuuming followed by pressure washing and a second round of vacuuming 

was even more effective.  

However, it should be noted that such maintenance practices do not 

fully recover initial infiltration rates. In fact, the recovery rates are fairly low. 

For example, Tong (2011) applied pressure washing or vacuuming on 

samples clogged with sand and clayey silty sand. The recovery rates were < 

15%. Combining vacuum sweeping and pressure washing increased recovery 

rates to 20-25%. Similarly, Schaefer et al. (2011) showed that for samples 

clogged with sand, pressure washing or vacuum sweeping recovered 10-20% 

of the initial permeability, while combining these methods produced 30% 

recovery. For samples clogged with silty clayey sand, applying pressure 

washing or vacuum sweeping recovered 10-20% of the initial permeability, 

while the combined method produced 20% recovery.  

The effectiveness of maintenance also depends on the extent and 

location of where clogging occurs. When pavements are clogged with coarse 

sand particles that are mainly deposited on the surface, vacuum sweeping, 



  

 
   

60 

pressure washing or a combination improves permeability. If the permeable 

concrete is clogged with silty clayey sand particles deposited within the bulk 

or towards the base of the sample, traditional cleaning methods are not 

effective (Mata, 2008). Mata and Leming (2012) exposed permeable concrete 

with 20% porosity to two cycles of sediment loading with washing after each 

cycle. Results showed that the majority of sand was trapped at the top surface, 

while clayey silt and clayey silty sand showed significant penetration and 

deposition at the bottom, retained by the filter fabric. Sand was largely 

removed by washing, and surface permeability recovered by 30% using either 

pressure washing or vacuum sweeping. Washing was less effective for clayey 

silt (recovery rates < 20%) because of the difficulty in recovering material 

settled at the bottom. Finally, samples subjected to clayey silty sand showed 

the highest permeability loss and lowest recovery (< 10%). 

Vancura et al. (2012) compared the performance of a vacuum truck, 

vacuum street sweeper and regenerative air street sweeper in removing 

clogging material from in-service permeable concrete pavements. All three 

machines were only effective at removing clogging material within ~ 3 mm 

of the surface. It was found that some test locations required maintenance 

every month to sustain a functional level of permeability, and in spite of this, 

clogging material remained in the void structure. Drake and Bradford (2013) 

evaluated the effectiveness of several small and full-scale maintenance 

equipment including pressure washers, street sweepers and low/high suction 

vacuuming in restoring permeable interlocking concrete pavers and 

permeable concrete in eight car parks. The results suggest that these 

techniques were effective to some extent in clearing near surface clogging, 

but the improvements were not consistent throughout. This is possibly due to 

fines that have migrated too far into the pavement, becoming impossible to 

extract and permanently affecting permeability. These results show that even 

with maintenance, a degree of clogging of permeable pavement systems is 
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unavoidable. 

The review above shows that permeable concrete pavements will fail 

to infiltrate storm-water if maintenance is not carried out. Maintenance has to 

be regular or clogging will occur to such an extent that maintenance is no 

longer effective. Maintenance does not fully restore infiltration rates to initial 

values, even if carried out regularly and the performance of the permeable 

concrete will decrease over time to unacceptable levels due to the cumulative 

effects of clogging.  
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2.6 Chapter summary 

Permeable concrete is characterised by highly interconnected 

porosity, typically in the range of 15-35% vol. that allows water to flow 

rapidly through the pore structure. A critical problem with permeable 

concrete is clogging due to surface blocking and infiltration of fine particles 

which causes loss of permeability and performance degradation. Clogging is 

related to the high pore tortuosity formed in current permeable concrete 

formulations. As a result, permeable concrete requires frequent maintenance, 

but current methods can only partially restore infiltration capacity and are not 

effective when clogging occurs some depth below the surface. This chapter 

has identified a number of unresolved issues concerning the design, 

construction, maintenance, testing and validation of long-term performance 

that require further investigation in order to optimize the application of 

permeable concrete as a sustainable urban drainage system. This chapter has 

also highlighted the need to develop new types of permeable concrete with 

low tortuosity as this will allow low maintenance permeable pavements to be 

produced that can effectively reduce storm-water run-off.  
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Chapter 3  

Methodology 

 

This chapter presents the approach and experimental procedures used 

in this thesis. Details of the materials, sample preparation, test methods and 

instrumentation are given. 

 

3.1  Sample preparation 

In this study different types of samples including: a) packed glass 

spheres (GS), b) packed gravel aggregates (AGG), c) laboratory prepared 

permeable concrete (PC-Lab) and d) commercially available permeable 

concrete (PC-Com) were tested. Close packed glass spheres and aggregates 

of varying sizes were tested as data from simple model systems can help 

support, validate and enhance our understanding of actual permeable 

concretes.  

 

3.1.1  Packed particles  

Glass spheres of 2, 4 and 8 mm diameter were used. Thames Valley 

siliceous gravel aggregate from the UK, compiled with BS EN 

12620:2002+A1:2008 graded aggregate, was sieved into three size ranges: 

1.25 to 2.5 mm, 2.5 to 5 mm, and 5 to 10 mm. These are referred to as 1.25 
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mm, 2.5 mm and 5 mm AGG respectively. Samples were prepared by placing 

the glass spheres or aggregate particles into a 90  150 mm cylinder in three 

equal layers and consolidated by vibrating each layer for 25 s. The aggregates 

were kept in hoppers within the laboratory and hence, were relatively dry. 

The gravel had a specific gravity of 2.51 and 24-h absorption of 1.76%. The 

particle size distribution of the Thames Valley gravel aggregate is given in 

Fig. 3.1. A total of 28 packed samples were prepared.    

 

 

Fig. 3.1. Grading curve for Thames Valley gravel aggregates. 
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3.1.2  Permeable concrete   

Permeable concrete samples (PC-Lab) with target porosity ranging 

from 11-30% were prepared using the ordinary Portland cement CEM I 52.5N 

and Thames Valley (UK) siliceous gravel (1.25 to 14 mm) at a water/cement 

(w/c) ratio of 0.35. The ordinary Portland cement compiled with the BS EN 

197-1:2011 and had a specific gravity of 3.15. A total of 36 permeable 

concrete samples were prepared. 

24 commercially available permeable concretes (PC-Com) were 

obtained from a UK supplier and tested to compare with laboratory prepared 

samples. The PC-Com samples were cylindrical (100Ø × 150 mm) and had 

porosities ranging from 15 to 32%. They were made of CEM I, limestone 

aggregate (4 to 10 mm), water, superplasticiser, retarder and stabiliser. 

However, the exact mix proportions are not available because they are 

commercial products.  

 

3.1.3  Mix proportions 

The materials used in permeable concrete are the same as in 

conventional concrete, except the mix proportioning is different. The aim in 

permeable concrete mix design is to achieve a balance between porosity, 

strength, paste content and workability. A number of mix proportioning 

methods have been recommended (Section 2.1.1), and the most important 

requirement is to provide sufficient cement paste to bind aggregates to 

achieve the required strength while maintaining high void content.  

A mix proportioning method that results in a) permeable concrete 

mixtures of appropriate consistency which is defined as a mixture that is not 
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too dry to prevent placement nor too wet to result in paste drain down 

(detailed in Sections 2.2.1 and 4.3.2) and b) samples with measured void 

content close to the design porosity, must be used to design permeable 

concrete samples of different porosity. 

In this study, the PC-Lab samples were proportioned using a 

developed mix proportioning method based on absolute volume. Absolute 

volume method assumes that the volume of a compacted sample is equal to 

the sum of the volumes of all ingredients. Tap water was used as the mix 

water. Since the aggregates were dried in an oven at 50oC a day before 

casting, it is essential to consider the amount of mix water absorbed by the 

aggregates in the fresh state. The amount of water required to bring the 

aggregates to ‘saturated-surface dry’ condition, that is the absorption 

(1.76%), was added to the water needed to achieve the target free w/c ratio. 

The mix water was also corrected for additional water brought in by any 

admixtures used. In the developed absolute volume mix proportioning 

method, the required paste volume was calculated by deducting the design 

porosity from the packed aggregate void content and adding a 5% compaction 

index. The cement and water contents were calculated from paste volume and 

w/c ratio. Coarse aggregate content was calculated from design porosity and 

paste volume. Fine aggregate was not used. Trial testing showed this method 

produced samples with measured void content close to the design porosity. 

The detailed mix proportioning procedure is presented in Appendix I. Two 

mixes showed “paste drain down” (explained in Sections 2.2.1 and 4.3.2) and 

therefore a viscosity-modifying admixture (VMA) (MasterMatrix SDC 100 

with solid content of 1.75% and specific gravity of 1.01) was used in these 

mixes. The VMA complied with BS EN 934-2:2009+A1:2012. Mix 

proportions are shown in Table 3.1.  
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Table 3.1 Mixture proportions of laboratory prepared permeable concrete 

samples. 

 
PC-Lab 

11% P 19% P 25% P 26% P 26% P* 30% P 

Cement (kg/m3) 315 255 255 180 255 105 

Aggregate (kg/m3) 1481 1581 1581 1581 1581 1581 

Water (kg/m3) 110 89 89 63 89 37 

VMA (%, kg/m3) - - 0.2, 0.5 - 0.3, 0.8 - 

w/c 0.35 0.35 0.35 0.35 0.35 0.35 

Paste vol. (%) 21 17 17 12 17 7 

Target porosity (%) 11 19 25 26 26 30 

*Mixes of similar porosity are differentiated by using an asterisk. 

 

3.1.4  Mixing and curing 

Materials were batched by weight and mixed in a pan mixer. First, the 

cement together with the gravel aggregate was added and dry-mixed for one 

minute. Water was added next. If admixture was used, this was added together 

with the mix water. The total wet mixing was no more than three minutes. 

The PC-Lab samples were cast in steel moulds (1003 mm3) and 

Perspex tubes (100Ø × 150 mm), and compacted in three layers using a 

vibrating table. There are no standard compaction methods for permeable 

concretes and trials were completed on packed Thames Valley gravel varying 

the compaction time and measuring the resulting void content (Fig. 3.2). As 

it can be seen from Fig. 3.2, the time to achieve maximum compaction was 

75 s for all different sized aggregates. PC-Lab samples (contained Thames 

Valley siliceous gravel of 1.25 to 14 mm) were compacted in three layers 
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using 25 s for each. Samples were covered with polyethylene sheet and wet 

hessian to reduce evaporation for the first 24 hours, de-moulded and then 

cured in a fog room at 20°C, 95% ± 5% RH for 28 days before being tested 

for porosity, permeability and compressive strength.  

 

 

Fig. 3.2. Correlation between the resulting porosity and compaction time for 

different sized Thames Valley gravel aggregates. The time to achieve 

maximum compaction was 75 s. 
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3.2.  Porosity determination 

3.2.1. Packed particles 

Porosity (ϕ) of close-packed glass spheres (GS) and aggregates 

(AGG) was determined from mass, volume and density measurements:  

ϕ = [1 - ms
 Vc ρs

]  × 100%             (3.1) 

Where Vc is the cylinder mould volume (m3), ms is the sample mass (kg) and 

s is the sample density (2510 kg/m3 for AGG and 2500 kg/m3 for GS) 

(kg/m3).  

 

3.2.2. Permeable concrete 

The porosity of permeable concrete (PC-Lab and PC-Com) was 

obtained by measuring the mass of the saturated-surface dry sample in air and 

in water:  

 ϕ = [1 - (W3 - W1)
V ρw

]  × 100%             (3.2) 

Where W1 is the sample mass (kg) in water, W3 is the saturated surface dry 

sample mass in air (kg), V is the sample volume (m3) and ρw is the density of 

water (1000 kg/m3). Entrapped air was removed prior to measuring W1 by 

keeping the sample submerged for at least 30 minutes, and tapping and 

inverting the sample repeatedly.  
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3.3.  Permeability determination 

Permeability was determined using a falling head permeability cell as 

shown schematically in Fig. 3.3, as used in previous studies (Neithalath, 

2004). However, conventional falling head permeability testing usually uses 

a fixed hydraulic gradient of 2 or below. We modified this so that 

permeability can be measured at hydraulic gradients up to 7.3 in order to 

simulate different field conditions. The set-up consists of a 150 mm sample 

cell attached to a 1.1 m graduated cylinder at the top and an outlet pipe at the 

bottom via valve 1. The end of the outlet pipe is 10 mm above the sample to 

prevent unsaturated flow during testing.  

The sample is first pre-conditioned by allowing water to flow through 

until all visible entrapped air is removed ensuring complete saturation. To 

start the test, valve 1 is closed and the graduated cylinder filled with water. 

Valve 1 is then re-opened and the time (t) required for the water level to fall 

from an initial head h1 (1000 mm) to a final head h2 (250 mm) is recorded. 

Valve 2 is used at the end of each test to drain the permeability cell and to 

clean the rig after the clogging test. This procedure is repeated three times per 

sample and the averaged t used to determine hydraulic conductivity (k, m/s) 

according to Darcy’s law:  

k = A1
A2

𝐿

𝑡
ln (

h1
h2

)              (3.3) 

Where A1 is the internal cross-sectional area of the inlet pipe (m2), A2 is the 

cross-sectional area of the sample (m2) and L is the sample length (m). 

Hydraulic conductivity (k, m/s) can be converted to intrinsic permeability (k’, 

m2): 

k = k' ρg
μ

               (3.4) 
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Where  and  are the density (kg/m3) and dynamic viscosity (Ns/m2) of the 

fluid, and g is the gravitational acceleration (m/s2). However, results are 

expressed as hydraulic conductivity because both fluid density and viscosity 

change during clogging.  

 

 

Fig. 3.3. Falling head permeability test set-up. All dimensions in mm. 

Schematic is not to scale. 
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3.4.  Clogging potential 

The potential for clogging was determined by subjecting samples to 

aqueous solutions containing fine-grained river sand (< 1.25 mm) and/or 

bentonite clay over many cycles. The sand particles had a d50 value of ~ 108 

μm and compiled with the BS EN 12620:2002+A1:2008 medium grading. 

The dry bentonite clay consisted of agglomerated particles < 150 μm which 

formed a colloidal solution in water containing primary plate-like particles 

with maximum dimensions of between 90 and 1900 nm, and thickness 

between 1 and 9 nm, depending on the type of clay particle (Nadeau, 1985).  

Two exposure methods were used: 1) combined “sand and clay (S & 

C)” and 2) alternate “sand or clay (S / C)” loading, as detailed in Table 3.2. 

The permeability (k) was measured during each clogging cycle and this was 

repeated until development of complete clogging which is defined as when 

no measurable flow (k→0) or measurable change in permeability (∆k→0) 

occurred.  

A critical parameter is the quantity of sand (or clay) applied to the 

sample at each cycle, i.e. the loading rate. A large loading will cause 

immediate clogging, which is unrealistic. Conversely, a small loading may 

not produce a measurable effect (the material simply passes through) or will 

require very lengthy testing, which is impractical. Therefore, trials were 

performed on several samples using different quantities of sand and clay to 

determine suitable loading rates. It was found that applying 0.8 g/cm2 of sand 

or 33.3 g/L of clay at each cycle produced a measurable fall in permeability 

and complete clogging within approximately 10 cycles. This represents a 

good compromise and simulates a severe clogging scenario.  

The applied loading rates are not very different from those used in 

other studies. For example, Coughlin et al. (2012) used sand (0.15 to 2.5 mm) 
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at a loading of 0.61 g/cm2. Deo et al. (2010) applied fine sand (0.1 to 0.84) at 

0.4 g/cm2 while Zhang et al. (2017) used 0.64 g/cm2 of fine sand (0.15 to 0.6 

mm). Haselbach (2010) used several clay slurries such as kaolin (167-233 

g/L), bentonite (30 g/L) and red clay (10-100 g/L). 

 

Table 3.2 Clogging methods used in this study. 

Clogging method * 

Combined “Sand & clay” (S & C) Alternate “Sand or clay” (S / C) 

All cycles: 62 g of fine sand (0.8 

g/cm2) was spread evenly on sample 

surface. 300 g of bentonite clay 

mixed in 9 L of water (33.3 g/L) to 

form a slurry and this was then 

applied on top of the sample. 

Odd number cycles: 62 g of fine 

sand (0.8 g/cm2) was spread evenly on 

sample surface. Subsequently, 9 L of 

water was applied on top of the 

sample. 

Even number cycles: 300 g of 

bentonite clay was mixed in 9 L of 

water (33.3 g/L) to form slurry and 

this was applied on top of the sample. 

*Experimental runs were repeated until complete clogging, defined as (k→0) or 

(∆k→0). 

 

3.5.  Compressive strength determination 

The compressive strength of hardened concrete (PC-Lab and PC-

Com) samples was measured in accordance with BS EN 12390-3:2009 on 

100 mm cubes and 100Ø × 150 mm cylinders (Fig. 3.4) at 28 days using three 

replicate samples. Samples were placed between two 150 × 150 × 25 mm 
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metal plates to ensure uniform loading at a rate of 0.3 MPa/s to ultimate 

failure.  

 

Fig. 3.4. The compressive strength of permeable concrete samples was 

determined using 100 mm cubes for PC-Lab (left) and 100Ø × 150 mm 

cylinders for PC-Com (right). 

 

3.6.  Flexural strength determination 

In this study, the Two-Point loading (four-point bending) test is 

conducted on a loading frame to determine the flexural strength in accordance 

with BS EN 12390-5:2009 on 100 × 100 × 500 mm prisms (Fig. 3.5) at 28 

days using three replicate samples per mix. The flexural strength is calculated 

by using equation 3.5.  

𝑓𝑟 = 𝐹 × 𝐼

𝑑1 × 𝑑2
2                                                                                     (3.5) 

Where fr is the flexural strength (MPa), F is the maximum load (N), I is the 
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distance between supporting rollers (mm) and d1 and d2 are the lateral 

dimensions of the specimen (mm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 
   

76 

 

 

 

Fig. 3.5. The Two-Point loading test is performed on 100 × 100 × 500 mm 

prisms as cast (top), in flexural strength test set-up (middle) and at flexural 

failure (bottom). 
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3.7.  Chapter summary 

In this chapter the experimental procedures used in this thesis are 

presented. Details of the different types of samples, sample preparation, test 

methods and instrumentation for porosity, permeability, compressive strength 

and flexural strength testing are given. The compressive and flexural strength 

test methods used in this thesis are based on well-established procedures. 

However, flexural strength tests are generally extremely sensitive to 

specimen preparation, handling and curing procedure such that beams can be 

damaged during handling. Therefore, care must be taken whilst handling 

samples for flexural strength testing to avoid damage and artefacts. 

Different methods used to determine porosity of different samples 

were presented. Permeability was measured in a falling head permeability cell 

that was modified to measure permeability at hydraulic gradients up to 7.3 in 

order to simulate different field conditions. There is currently no reliable 

means of characterising clogging potential, making the long-term 

performance prediction of permeable concrete very challenging. Hence it is 

crucial to develop new test methods to study clogging and to define clogging 

potential, as described in the next chapter. 
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Chapter 4  

Defining clogging potential for permeable 

concrete 

 

This chapter reports on the performance of a range of laboratory-

prepared and commercial permeable concretes, close packed glass spheres 

and aggregate particles of varying size, exposed to different clogging methods 

to understand the clogging phenomena. New methods were developed to 

study clogging and define clogging potential. The tests involved applying 

flowing water containing sand and/or clay in cycles and measuring the change 

in permeability. Substantial permeability reductions were observed in all 

samples, particularly when exposed to sand and clay simultaneously. Three 

methods were used to define clogging potential based on measuring the initial 

permeability decay, half-life cycle and number of cycles to full clogging. We 

show for the first time strong linear correlations between these parameters for 

a wide range of samples, indicating their use for service-life prediction.  
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4.1  Introduction 

Permeable concrete, also known as pervious concrete, is used to 

alleviate local flooding in urban areas as it allows water to flow through 

normally impermeable infrastructure. However, permeable concrete exhibits 

loss of performance over time due to clogging caused by a build-up of 

sediment particles on the surface or within the pore structure (Deo et al., 2010; 

Yong et al., 2013; Mata and Leming, 2012; Coughlin et al., 2012; Tong, 

2011). Predicting the effect of clogging on the long-term performance of 

permeable concrete is challenging and there is currently no reliable means of 

characterising clogging potential to enable performance comparison between 

different pavement systems.  This is important as it would enable designers 

and asset owners to make better-informed decisions, develop effective 

maintenance strategies and provide accurate service-life predictions.  

A number of studies have investigated the effect of sediment type on 

clogging under laboratory conditions. Coarse sand particles did not 

significantly reduce permeability as these large particles did not enter surface 

pores (Coughlin et al., 2012; Deo et al., 2010). However, Schaefer et al. 

(2011) and Tong (2011) found that sand caused significant reductions in 

permeability, while fine-grained silty clay produced almost no effect as it 

washed through the sample with no concentration in the pore structure. 

Combinations of silty clay and sand caused the highest permeability 

reductions, with complete clogging after a small number of cycles. This was 

attributed to the wide particle size distribution that increases the probability 

of retention, and the cohesive nature of clay causing more surface interactions 

and particle adhesion. Nguyen et al. (2017) found that silty clay and sand 

caused the most rapid clogging. The work of Coughlin et al. (2012) concluded 

that clay caused approximately ten times more clogging per unit mass than 

sand. Haselbach (2010) found very little clay infiltration in sectioned cores 
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and samples exposed to bentonite clay clogged the most with particles 

accumulating on the top exposed surface creating a low permeability layer. 

Details of relevant research is summarised in Table 4.1.  

The findings from such studies are not consistent, and this can be 

attributed to differences in the clogging material, the pore structure of the 

samples tested, exposure conditions and other variables. A comprehensive 

review was presented in Sections 2.3 and 2.4 of this thesis. Some studies have 

observed that clogging usually occurs on the surface or in the upper layer of 

the permeable pavement (Kayhanian et al. 2012, Yong et al. 2013), while 

others found that sediments are likely to clog within the permeable concrete 

or underlying soil (Chopra et al., 2010; Mata and Leming, 2012; Lucke and 

Beecham, 2011). These findings highlight the complexity of the clogging 

process and suggest there is no single location within the permeable concrete 

where clogging occurs.  

There are also differences in exposure and test conditions that could 

influence results. In some studies, the clogging sediment is spread on top of 

the sample and permeability is measured by allowing water to flow through. 

In other studies (see Table 4.1), sediment is mixed in water and the slurry is 

then applied to the sample. Some studies have applied sediments for a set 

number of cycles while others have proceeded until the sample is fully 

clogged. Some research has included a cleaning cycle to simulate periodic 

maintenance (Haselbach, 2010; Deo et al., 2010; Patel et al., 2012; Mata and 

Leming, 2012; Coughlin et al., 2012; Schaefer et al., 2011; Tong, 2011 and 

Nguyen et al., 2017). Therefore, the variable findings are due to researchers 

using a range of different test methodologies. It would clearly be beneficial 

to have a standardised approach to evaluate the long-term performance of 

permeable concrete under conditions that mimic natural exposure 

environments where clogging occurs.  
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The aim of this chapter was to improve understanding of clogging and 

the effects this has on permeable concrete, and to develop methods to 

characterize clogging potential as a performance indicator and/or for use in 

predictive modelling. The permeability of a range of porous materials was 

tested and this included packed glass spheres, packed gravel aggregates, 

laboratory prepared permeable concrete and commercially available 

permeable concretes.  Packed glass spheres and gravel aggregates were tested 

because data from simple model systems can help support, validate and 

enhance our understanding of actual permeable concretes. Experimental 

variables were particle size (1.25 to 14 mm), effective porosity (7 to 36%), 

hydraulic gradient (ratio of hydraulic head to sample thickness: 0.33 to 5) and 

clogging method. Two laboratory exposure methods, combined “sand and 

clay” and alternate “sand or clay”, were used to simulate clogging during 

flooding.  
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Table 4.1 Summary of selected recent studies on clogging of permeable concrete, arranged according to publication date. 

Reference Method Findings 

Deo et al., 

2010 

Fine (0.1-0.84 mm) and coarse (0.84-1.8 mm) grained river 

sand were used as clogging material. For each clogging cycle, 

25 g of the sand was spread evenly on the specimen surface and 

permeability of water flow through the specimen was 

measured. This was repeated until the flow rate was very slow 

or when further sand additions did not result in noticeable 

changes in permeability. 

Permeability decreased with increasing sand addition due to 

blocking of pore channels, porosity reduction and tortuosity 

increase. Higher porosity samples showed higher residual 

permeability at the end of testing due to larger pore sizes and pore 

connectivity. Coarse sand did not result in significant permeability 

reductions compared to fine sand because large particles are 

prevented from entering the sample.  

Haselbach, 

2010 

Cores were exposed to various clay sediments mixed in water: 

0.167 g/L and 0.233 g/mL of kaolin, 0.03 g/mL of bentonite, 

and 0.01g/mL, 0.025 g/mL and 0.1 g/mL of red clay. After each 

clogging cycle, samples were dried in oven for at least 24 h. 

After the clogging cycles were completed, the excess clay was 

swept off with a brush from the top of the sample after drying. 

The sample was then exposed to rinsing cycles. 

Full clogging occurred after four to ten cycles. Very little clay 

infiltration was observed. Most of the clay accumulated on sample 

surface creating an impermeable layer. Samples appear to have 

vertical porosity distribution with smaller pores near the top. The 

cores that were clogged with less cohesive clays tended to restore 

part of their permeability after exposure to 5-8 rinsing cycles.  

Schaefer, 

2011; Tong, 

2011 

Three sediments (sand, clayey silt and clayey silty sand) were 

applied over 20 cycles at 5 g or 40 g of each sediment type 

spread evenly on sample per cycle. Clogged samples were 

Clayey silty sand caused the highest permeability loss. Samples 

with higher porosity had higher residual permeability after 

clogging. A significant quantity of sand and clayey silty sediments 
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cleaned using three different techniques and permeability was 

measured to determine recovery rate.  

remained on the sample surface. Clay adhered to sand particles to 

form a mud layer on the sample surface.  

Coughlin et 

al., 2012 

Sample was exposed to eight clogging cycles: one without 

sediments, three with increasing sand (20, 60 and 140 g), three 

with increasing clay (2, 6 and 14 g) and 140 g of sand per cycle, 

and one after pressure washing. The clogging material was 

uniformly distributed on top of the sample. 

Both sand and clay caused clogging, but clay produced 

approximately ten times more clogging per unit mass compared to 

sand. Pressure washing was ineffective at restoring infiltration 

capacity because of subgrade clogging. 

Mata and 

Leming, 

2012 

Clayey silt and clayey silty sand were applied on top of the 

sample at 0.53 g/L each. Following permeability measurement, 

sample was drained and air-dried for 24 h. Sample was cleaned, 

pressure washed and the permeability re- measured. This 

procedure was conducted three times for each sample. 

Clayey silty sand produced the highest permeability loss and lowest 

recovery. Sediment deposits were observed retaining on top or in 

the specimen. Significant quantities of clayey silt were deposited at 

the bottom of the sample, retained by the filter fabric. 

Kayhanian et 

al., 2012 

Collected sediments (particularly clay and inorganic form) 

from the permeable concrete cores were ranging in particle size 

from 1000 to 38 μm.  

The combined image analysis and porosity profile of the cores 

showed that most clogging occurred near the surface of the 

pavement.  

Nguyen et 

al., 2017 

Samples were exposed to 253 g of sediments (75% silty clay, 

25% of sand, mixed in water per cycle for 5 cycles). After each 

clogging cycle, the sample was rinsed with water and 

permeability re-measured. 

Permeability was reduced to lower than 95% of the initial value. 

The blended material was believed to be the most damaging 

clogging agent, leading to full clogging after a small number of 

cycles.  
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4.2.  Experimental program 

4.2.1.  Samples 

Four types of samples were tested: a) packed glass spheres (GS), b) 

packed gravel aggregates (AGG), c) laboratory prepared permeable concrete 

(PC-Lab) and d) commercially available permeable concrete (PC-Com). 

Close packed glass spheres and aggregates of varying sizes were used to study 

the effect of pore structure on clogging. Glass spheres of 2, 4 and 8 mm 

diameter were used. Thames Valley siliceous gravel aggregates referred to as 

1.25 mm, 2.5 mm and 5 mm AGG were tested. Details of the close-packed 

particles including the sample preparation are presented in Section 3.1.1. A 

total of 28 packed samples were prepared.    

Permeable concrete samples (PC-Lab) with target porosity ranging 

from 11-30% were prepared using CEM I 52.5N and Thames Valley (UK) 

siliceous gravel (1.25 to 14 mm) at a water/cement (w/c) ratio of 0.35. These 

were proportioned using a developed mix proportioning method that is based 

on an absolute volume method, details of which can be found in Sections 

3.1.2, 3.1.3, 3.1.4 and Appendix I. Mix proportions of PC-Lab samples are 

shown in Table 3.1, Section 3.1.3. A total of 36 PC-Lab samples were 

prepared. 

24 commercially available permeable concretes (PC-Com) with 

porosity ranging from 15 to 32% were obtained from a UK supplier and tested 

to compare with laboratory prepared samples. Further details on the materials 

can be found in Section 3.1.2. 
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4.2.2.  Porosity 

Porosity of close-packed particles (GS and AGG) was determined 

using Eq. 3.1 in Section 3.2.1. Porosity was measured on 7 replicates per GS 

size and 2 replicates per AGG size. 

The porosity of permeable concrete (PC-Lab and PC-Com) samples 

was obtained using Eq. 3.2 in Section 3.2.2. 6 replicates per mix were 

measured and averaged.  

 

4.2.3.  Compressive strength 

The compressive strength of permeable concrete (PC-Lab and PC-

Com) samples was measured as per Section 3.5 on 100 mm cubes and 

100Ø × 150 mm cylinders respectively at 28 days using three replicate 

samples. 

 

4.2.4.  Permeability  

Permeability was determined using a modified falling head 

permeability cell, shown schematically in Fig. 3.3, Section 3.3. The time 

required for the water level to fall from an initial head h1 (1000 mm) to a final 

head h2 (250 mm) is recorded three times per sample and the averaged t is 

used to determine hydraulic conductivity (k, m/s) according to Darcy’s law 

(Eq. 3.3, Section 3.3). Tests were carried out on 7 replicates per GS size, 2 

replicates per AGG size, 3 replicates per PC-Lab mix and 6 replicates per PC-

Com porosity. For each replicate, permeability was measured three times and 

averaged. 
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Measurements should be carried out under hydraulic gradients similar 

to those expected in the field. A critical situation is during intense rainfall 

when water flowing from adjacent areas causes flooding or ponding on the 

pavement. In this study, the applied hydraulic gradient was based on UK 

flood depths recorded in urban areas during major storm events. For example, 

the UK Environment Agency flood map assesses flooding scenarios and 

provides data on flood extent, depth and velocity. The depth data is divided 

into three bands: below 300 mm, 300-900 mm and over 900 mm. The map 

shows that a large proportion of the City of London is under risk of flooding 

over 900 mm (Environment Agency, 2018). Assuming an extreme flood 

event of 1000 mm depth and considering that permeable pavements are 

typically 200-300 mm thick, the maximum hydraulic gradient would range 

between 3.3 and 5. In this study, measurements were carried out at gradients 

ranging between 0.33 and 5 to establish the effect on permeability (discussed 

in Section 4.3.4). Another factor to consider is that using a small hydraulic 

gradient requires long testing times, particularly when the samples begin to 

clog. This is impractical and affects accuracy. Therefore, most of the 

measurements were completed at a hydraulic gradient of 5, but recognising 

that this is likely to be an upper limit experienced in field conditions. 

 

4.2.5.  Clogging potential 

The potential for clogging was determined by subjecting samples to 

aqueous solutions containing fine-grained river sand (< 1.25 mm) and/or 

bentonite clay over many cycles. Two exposure methods were used: 1) 

combined “sand and clay (S & C)” and 2) alternate “sand or clay (S / C)” 

loading, as detailed in Table 3.2, Section 3.4. The permeability (k) was 

measured during each clogging cycle and this was repeated until development 
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of complete clogging - when no measurable flow (k→0) or measurable 

change in permeability (∆k→0) occurred. A critical parameter is the quantity 

of sediments (sand or clay) applied to the sample at each cycle, which is 

defined as the loading rate. As previously mentioned in Section 3.4, a large 

loading will cause immediate clogging, which is unrealistic. Conversely, a 

small loading may not produce a measurable effect (the material simply 

passes through) or will require very lengthy testing, which is impractical. 

Therefore, trials were performed on several samples using different quantities 

of sand and clay to determine suitable loading rates. It was found that 

applying 0.8 g/cm2 of sand or 33.3 g/L of clay at each cycle produced a 

measurable fall in permeability and complete clogging within approximately 

10 cycles. It is believed that this represents a good compromise and simulates 

a severe clogging scenario. The applied loading rates are not very different 

from those used in other studies as detailed in Section 3.4.  

 

4.3.  Results and Discussion 

4.3.1.  Compressive strength  

The compressive strength of permeable concrete is influenced by 

several factors such as cement content, w/c ratio, aggregate characteristics 

and extent of compaction during placement. Fig. 4.1 presents compressive 

strength as a function of porosity for permeable concrete samples. 

Compressive strength ranged from 6 to 32 MPa and porosity ranged between 

12 and 32%. Strength was inversely proportional to porosity (R2 > 0.9) and 

on average decreased by about 4% for every 1% increase in porosity. The 

data is very consistent and agrees well with other studies (Fig. 2.2, Section 

2.1.2). At similar porosity the compressive strength of PC-Com was slightly 

higher than PC-Lab. This could be attributed to: a) differences in binder and 
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aggregate type; b) smaller pore sizes associated with smaller aggregate sizes 

in PC-Com; and c) paste drain down present in most PC-Com samples that 

improved particle bonding.  

 

 
 

Fig. 4.1. Correlation between 28-day compressive strength and porosity for 

permeable concrete samples (PC-Lab and PC-Com). 

 

4.3.2.  Initial permeability  

Fig. 4.2 shows the relationship between initial permeability (i.e. 

unclogged) and porosity of the permeable concrete (PC-Lab and PC-Com), 



  

 
   

89 

packed glass sphere (GS) and aggregate (AGG). Permeability ranged over an 

order of magnitude from 0.1 to 1.7 cm/s for PC samples, and from 0.3 to 3.5 

cm/s for packed GS and AGG samples. Permeability increases with porosity 

as expected. The highest density PC samples had the lowest permeability 

while the packed 8 mm GS samples had the highest permeability. Samples 

with porosity < 15% had very low water percolation due to a lack of 

interconnected voids. Samples with porosities > 25% were very permeable 

and low compressive strengths (Fig. 4.1).  The small error bars in Fig. 4.2 

show there is no substantial difference between replicate measurements and 

the mean value is representative. The mean, standard deviation and standard 

error calculations are detailed in Appendix II. 

The measured permeability agrees well with data from the literature 

for PC samples of similar porosities (Fig. 2.3, Section 2.1.4). Furthermore, an 

exponential curve provides a reasonably good fit through the data points. 

Some of the permeable concretes displayed near zero permeability despite 

having porosities in the range of 10-19%. These anomalies were due to the 

samples being affected by paste drain down causing localized blockages (Fig. 

4.3). To prevent paste drain down, a viscosity modifying agent (VMA) was 

used in two of the mixes as described in Section 3.1.3.  
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Fig. 4.2. Correlation between permeability and porosity for permeable 

concrete (PC-Lab, PC-Com), compacted glass spheres (GS) and compacted 

gravel (AGG) samples. 
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Fig. 4.3. Some of the PC samples were affected by paste drain down. Sample 

as cast (left) and rotated (right), showing the bottom is blocked by a layer of 

cement paste.  

 

It is also interesting that the measured porosity for packed GS and 

AGG samples fall within the range of 30 to 38%, which is the theoretical 

porosity for close random packing of grains (Dullien, 1992; Nimmo, 2004). 

However, it can be seen that permeability increased substantially more when 

compared to PC samples with similar porosity range. This is due to 

differences in the particle and pore size distribution and the degree of 

connectivity. For example, the relationship between effective particle 

diameter (deff, m) and effective pore radius (reff, m) can be expressed as 

(Glover and Walker, 2009):  

deff = 2 θ reff               (4.1) 

Where θ = √2.25
3 ϕ3 for spheres and ϕ is the porosity. The average porosity of 2 

mm GS sample is 32.9% leading to an effective pore radius of 0.22 mm. The 
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average porosity of 8 mm GS sample is 33.9% leading to effective pore radius 

of 0.91 mm, which is 4 times higher than that of 2 mm GS. Permeability is 

directly proportional to effective pore radius (Glover et al., 2006) and 

therefore the GS and AGG samples show a much higher increase in 

permeability compared to PC samples despite a relatively small change in 

porosity. The effect of pore size distribution is less in PC samples because the 

same aggregate was used in all mixes.  

 

4.3.3.  Theoretical permeability  

Theoretical permeability can be estimated from the Kozeny-Carman 

equation (Kozeny, 1927; Carman, 1939) that relates permeability to particle 

size, porosity (ϕ), specific surface (S, mm-1), density (ρw, 1000 kg/m3) and the 

dynamic viscosity of water (μw, 1 mPa s). The general equation is (Head, 

1994): 

k = ρw g
C μw S2

ϕ3

(1-ϕ)2              (4.2) 

For a collection of spherical particles uniformly distributed between 

diameters d1 and d2, the specific surface can be estimated from the equation 

(Head, 1994): 

S = 6
√(d1 d2)

             (4.3) 

The Kozeny constant C in Eq. 4.2 is often assumed to be equal to 5 for 

spheres. For non-spherical aggregate particles, the parameter C is multiplied 

by an angularity factor f  (= 1.4) to account for angular particle shape. Eq. 4.2 

then becomes: 
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 k = ρ wg
5 f μw S2

ϕ3

(1-ϕ)2             (4.4) 

The results presented in Fig. 4.4 show that the theoretical permeability is 

much larger than experimentally measured permeability, and the error 

increases with increased porosity. The departure is greatest for samples 

having the largest porosity, such as the 4 and 8 mm GS, 2.5 and 5 mm AGG, 

and the 26-32% porosity PC samples. One possible explanation is that the 

Kozeny constant C (=5) is not appropriate for these samples and that the value 

should be a function of sample porosity. 

Another approach to model permeability is by fitting the measured 

permeability to the Kozeny-Carman equation in the following form (Bear, 

1988):  

 k = α ϕ3

(1-ϕ)2                (4.5) 

Using non-linear regression analysis, it was found that the best fit occurred 

when  factor is equal to 19 (standard error of the regression was 0.7 cm/s), 

as shown in Fig. 4.5. Other studies have also reported similar findings. For 

example, Wang et al. (2006) and Montes and Haselbach (2006) found the 

model proposed in Eq. 4.5 fitted their data well for  factors between 18 and 

19. This suggests that there is validity to this approach, in which case Eq. 4.5 

may be used as a simple guide for designers to estimate initial permeability 

of permeable concretes from measured porosity.  
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Fig. 4.4. Correlation between experimental permeability (measured using 

falling head test) and theoretical permeability (calculated using Kozeny-

Carman equation) for all samples. 
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Fig. 4.5. Correlation between experimental permeability and theoretical 

permeability for all samples using an alpha factor of 19 in Equation (4.5). The 

line of equality (1:1 line) is plotted as reference. 

 

4.3.4.  Flow regime and effect of hydraulic gradient 

The use of Darcy’s law and Kozeny-Carman equation to calculate 

permeability assumes laminar flow and both are invalid when the flow 

becomes turbulent. The permeability testing of permeable concrete involves 

high flow velocities that could create turbulent flow and, therefore this 

assumption must be checked. The Ergun equation that was developed to study 

flow through packed beds (Macdonald et al., 1979; Bird et al., 2002) can be 

used to determine the flow regime inside permeable concretes. It describes 
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the relationship between friction factor f’ and Reynolds number, Re’: 

𝑓′ = (h1-h2) 𝛾𝑤

𝐿 ρw q2
ϕ3

𝑆 (1-ϕ)
= 150

Re'
 + 1.75            (4.6) 

Where γw is the specific weight of water (9.81 kN/m3), ρw is the density of 

water (1000 kg/m3), q is the flow per unit cross sectional area of the medium 

(m/s), h1 and h2 are the initial and residual hydraulic head (m) respectively, L 

is the sample length (m),  is the sample porosity, S is the specific surface 

obtained from Eq. 4.3, and Re’ is the modified Reynolds number (Macdonald 

et al., 1979; Papathanasiou et al., 2001) defined as: 

Re' = ρw q
𝑆 μw (1-ϕ)

               (4.7) 

The flow regime through a packed bed is typically laminar for Re’ < 

10 and turbulent for Re’ > 1000. The results presented in Fig. 4.6 show that 

some of the samples are within the laminar region, but most are in the 

transitional flow region. Most samples were in transitional flow region 

irrespective of the hydraulic gradient tested (0.33 to 5). This is consistent with 

the findings of Ong et al. (2016). 
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Fig. 4.6. Plot of Ergun equation’s friction factor f’ against Reynold’s number 

Re’ calculated using the falling head experimental data to determine flow 

regime for all samples.   

 

To examine this further, the permeability of all samples was measured 

at different hydraulic gradients ranging from as low as 0.33 up to 5. The 

results are normalized to the permeability measured at hydraulic gradient of 

5 and presented in Fig. 4.7. It can be seen that the measured permeability is 

influenced by the applied pressure, decreasing with increase in applied 

pressure. This occurred for all sample types and porosity. The magnitude of 

the change ranged from 15 to 30% for the pressure ranges investigated in this 

study. Therefore, the measured permeability of permeable concrete is not a 

constant value, but decreases with increase in hydraulic gradient. This could 
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be due to the fact that as the fluid velocity increases, it approaches a turbulent 

regime and the occurrence of whirls increases friction against flow and this 

led to a decrease in permeability (Bear, 1988). 

Chandrappa and Biligiri (2016) measured permeability of permeable 

concrete samples with 15-37% porosity at different hydraulic gradients (0.65 

- 2.3). It was found that an increase in the head of water (hydraulic gradient) 

decreases the permeability values. Furthermore, with an increase in the head 

of the water (hydraulic gradient), the water flowed for a longer time 

percolating most of the pores resulting in a better correlation with porosity. 

Therefore, in this study most of the measurements were completed at a 

hydraulic gradient of 5. 
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(a) GS & AGG 

 

 
(b) PC-Lab & PC-Com 

Fig. 4.7. Effect of hydraulic gradient on the measured permeability for (a) 

packed glass spheres (GS) and aggregates (AGG); and (b) permeable concrete 

(PC) samples. 
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4.3.5.  Permeability reduction due to clogging 

Fig. 4.8 and 4.9 show the change in permeability with increasing 

number of clogging cycle for all samples subjected to the combined S & C 

loading or alternate S / C loading method. It can be seen that permeability is 

highest initially and decreases exponentially, due to blockage of pore 

channels, porosity reduction and/or tortuosity increase. The number of cycles 

required for complete clogging depends on the clogging method and sample 

type. The combined S & C method produced a more rapid permeability 

degradation since each cycle consists of simultaneous application of sand and 

clay. This is consistent with Sansalone et al. (2012) who observed a greater 

decrease in permeability with increase in particulate matter concentrations. 

Full clogging occurred after 2 to 9 cycles for the combined S & C loading, 

and 3 to 13 cycles for the alternate loading.  

The initial permeability of GS and AGG samples are higher than most 

PC samples due to the larger pore size, connectivity and greater pore volume 

associated with packed loose particles. Generally, samples with larger initial 

porosity took a longer time to fully clog, as expected. However, some of the 

GS and AGG samples clogged faster compared to PC despite having higher 

initial permeability. One example of this anomaly is the 8 mm GS sample, 

which had the highest initial porosity, but showed a rapid drop in permeability 

(dashed line on Fig. 4.8). This is because the applied sand and clay particles 

were much smaller than the pore spaces between the 8 mm glass spheres. 

Hence the sediments simply pass through and accumulate on the 1 mm sieve 

at the bottom of the sample, leading to early clogging (Fig. 4.10a). This did 

not happen to other samples as they had smaller pore sizes so the sediments 

were either trapped in the pores or remained on the top surface (Fig. 4.10b).  
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The 11% porosity PC, 2 mm GS and 1.25 mm AGG samples clogged 

the fastest, presumably due to smaller pore volume and size distribution that 

prevents particles entering the sample and greater tortuosity that traps 

particles leading to accumulation. PC-Lab and PC-Com samples of 

equivalent porosity showed similar clogging behaviour and withstood about 

the same number of cycles before full clogging. But a small number of PC 

samples affected by paste drain down (Fig. 4.3) had dense paste-rich lower 

layers with poor infiltration capacity, and these clogged rapidly. When the 

same mix was prepared with VMA added to avoid paste drain down, the new 

samples not only had higher initial permeability, but they were also capable 

of withstanding more loading cycles before exhibiting complete clogging.  
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(a) Combined S & C loading 

 

 
 (b) Alternate S / C loading 

 

Fig. 4.8. Permeability of packed glass sphere and aggregate samples exposed 

to a) combined “sand & clay” and b) alternate “sand / clay” clogging method. 
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(a) Combined S & C loading 

 

 
(b) Alternate S / C loading 

Fig. 4.9. Permeability of PC samples exposed to a) combined “sand & clay” 

and b) alternate “sand / clay” clogging method. 
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(a)                                                    (b) 

Fig. 4.10. Deposition pattern of clogging particles on packed glass sphere 

sample: a) sediments were smaller than the pore spaces between 8 mm glass 

spheres and accumulated at the bottom of the sample (highlighted in red 

above) b) sand and clay particles were both trapped in the pores and remained 

on the top surface of the 4 mm glass spheres (highlighted in red above). 
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4.3.6.  Visual observation of clogging 

Visual inspection found that during initial loading cycles, most of the 

clay passes through the sample while the sand is retained within the first 

quarter of the sample or accumulates on the top surface. The amount of 

retention increases with increase in loading cycles until full clogging occurs. 

Despite the clay being well mixed into a slurry prior to application, 

flocculated clay tends to adhere onto the sand particles, which then bonds and 

creates a dense layer on the sample surface (Fig. 4.11a and 4.11b). The 

thickness of this layer increases with increasing number of cycles. This was 

clearly observed for the combined S & C loading.  

For the alternate for S / C loading however, the top layer was 

dependent on the cycle in which full clogging occurred. If clogging occurred 

during an odd number cycle, then a layer of sand was observed to accumulate 

on the sample top surface. If clogging was achieved during an even number 

cycle, then a layer of clay and sand was observed on the sample surface. 

Observations of the dismantled sample after testing found very little or no 

clay particles within the sample (Fig. 4.11c). This shows that when the clay 

is well dispersed in water, it simply passes through with little effect on 

clogging unless the clay becomes flocculated and accumulates within the 

sample or on the surface. The deposition pattern of clogging particles on all 

permeable concrete (PC-Lab and PC-Com) samples of different porosity is 

presented in Appendix III. 

The deposition pattern largely depends on the exposure and particle 

size relative to the pore size. This is shown schematically in Fig. 4.12. Sand 

particles and bentonite clay clumps larger than the pores are retained on the 

top surface, forming a blanket like deposition layer. Finer sand particles tend 

to trap within the permeable concrete away from the surface. Very fine 
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bentonite clay slurry is carried through, but can cause clogging if the clay 

flocculates and deposits at pore constrictions. 

 

              (b) 

      (a)                   (c) 

Fig. 4.11. Deposition pattern of clogging particles on permeable concrete 

sample: a) flocculated clay adhered to the surface of sand particles; b) top of 

the sample showing accumulation of sand and clay; c) bottom of the sample 

showing no particle infiltration. 
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Fig. 4.12. Schematic showing how different sized particles are likely to clog 

permeable concrete. 

 

4.3.7.  Clogging potential 

We propose to define clogging potential in the following ways: a) the 

ratio of permeability drop to initial permeability (∆k/ki); b) the number of 

cycles required to reduce permeability to half the initial value (i.e. half-life 

permeability), and; c) the number of cycles required for full clogging. The 

change in permeability (∆k) was measured between the first two loading 

cycles where the greatest reduction occurred (Fig. 4.8 and 4.9). Half-life 

permeability was obtained by fitting the experimental data to an exponential 

Water Coarse Aggregates 
 

Cement Paste Sand Particles Clay clumps Clay Slurry 
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decay equation (since permeability reduction occurs in a non-linear fashion) 

and dividing ln (2) by the decay constant: 

k(t)  = 𝑘𝑖 𝑒−𝜆 𝑡              (4.8) 

𝑡1/2 = 𝑙𝑛 2

𝜆
                                               (4.9) 

Where ki is the initial permeability, k(t) is the permeability after cycle t,  is 

the decay constant and t1/2 is the half-life.  

Fig. 4.13 shows the results of the analysis for all samples and exposure 

conditions tested in this study. The results are presented in the form of ∆k/ki 

and half-life permeability plotted against number of cycles to full clogging. 

Both show very strong correlations despite the wide range of samples tested. 

The positive correlation between half-life and full clogging cycle shows that 

samples with greater half-life permeability were capable of withstanding 

more clogging cycles before they became fully clogged. Similarly, the 

negative correlation between ∆k/ki and full clogging cycle shows that samples 

that experienced a greater drop in permeability between the first and second 

cycle were fully clogged after a small number of cycles. It can also be seen 

from Fig. 4.13 that the highest clogging potential occurred in samples 

exposed to the combined S & C loading because they showed large ∆k/ki 

values and short half-life cycles.   

In both cases a strong linear relationship is observed despite the range 

of sample types tested. The coefficients of determination (R2) for the best-fit 

linear regression in Fig. 4.13a and 4.13b were 0.83 and 0.93 respectively, 

showing a good fit. This suggests that the correlation can be used as a basis 

for characterising clogging potential. It may also be used for the purpose of 

service-life modelling. For example, one may estimate the number of cycles 

to full clogging by measuring the initial permeability drop. Taking this a step 
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further, Fig. 4.13b could be used to estimate half-life and then apply this to 

the exponential decay function (Eq. 4.8) to model the permeability change 

with clogging cycles. Clearly, further study is required to test the proposed 

method on a wider range of samples and exposure conditions and in particular 

on samples subjected to actual field conditions.  
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(a) 

 
(b) 

Fig. 4.13. Clogging potential of GS, AGG, PC-Lab and PC-Com samples 

obtained by plotting: a) Δk/ki against number of cycles required for full 

clogging; and b) half-life against number of cycles required for full clogging. 
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4.4.  Conclusions 

This chapter investigated the effect of clogging on permeability of a 

range of porous materials such as simple packed glass spheres, packed gravel 

aggregates, laboratory prepared permeable concretes and commercially 

available permeable concretes. Experimental variables included particle size 

(1.25 to 14 mm), effective porosity (7 to 36%), hydraulic gradient (0.33 to 5) 

and clogging method. The main objective of the work was to improve 

understanding of clogging behavior and to establish methodologies to 

characterize clogging potential of permeable concretes. The main findings are 

as follows: 

a) Three methods were used to define clogging potential: the ratio of 

permeability drop to initial permeability (∆k/ki); the number of cycles 

to reduce permeability to half the initial value (i.e. half-life), and the 

number of cycles required for full clogging. All samples showed 

strong linear correlations between ∆k/ki, half-life and number of 

cycles to full clogging. The proposed methods could be further 

developed to enable service life modelling of permeable concrete 

pavements. 

b) Compressive strength of permeable concretes ranged from 6 to 32 

MPa and is inversely proportional to porosity. On average, strength 

decreased by about 4% for every 1% increase in porosity.  

c) Initial permeability ranged over an order of magnitude from 0.1 to 1.7 

cm/s for permeable concretes, and from 0.3 to 3.5 cm/s for packed 

glass spheres and aggregates. Permeability increases exponentially 

with increase in porosity. A relationship between permeability and 

porosity based on the Kozeny-Carman equation is proposed. 

d) The flow regime in permeable concrete was mainly transitional rather 

than laminar irrespective of the hydraulic gradient (0.33 to 5) tested. 
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All samples showed decreasing permeability with increase in applied 

pressure. The magnitude of the change ranged from 15 to 30% for the 

hydraulic gradients investigated in this study. 

e) New laboratory tests to study the change in permeability with 

clogging cycles using fine-grained river sand and bentonite clay were 

developed. It was found that the combined sand and clay loading 

produced a more rapid reduction in permeability compared to 

alternate sand or clay loading. All samples experienced reduction in 

permeability and samples with less porosity showed more rapid 

clogging. Complete clogging occurred after 2 to 13 cycles, depending 

on sample porosity and exposure method.  

f) Clogging begins when sand and flocculated clay accumulate near the 

top surface of samples, creating a dense layer with increasing number 

of load cycles. The final deposition pattern depends on exposure and 

particle size relative to pore size. Finer sand particles tend to be 

trapped within the permeable concrete. Very fine bentonite clay slurry 

is carried through, but can cause clogging if the clay flocculates and 

deposits at pore constrictions. 

Some of the permeable concretes were affected by paste drain down 

that causes localized blockages. Such samples had uncharacteristically low 

permeability and clogged very rapidly despite having high porosities. This 

can be prevented by improving the mix design and the addition of viscosity 

modifying agents. This chapter highlights the need to develop new permeable 

pavements that are more resistant to clogging. 
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Chapter 5  

High strength clogging resistant permeable 

pavement 

 

This chapter reports on the development of a new type of permeable 

pavement that can be poured on-site to form a low tortuosity microstructure 

that is not only resistant to clogging, but also has high permeability and 

strength. This high strength clogging resistant permeable pavement (CRP) 

was prepared by introducing straight pore channels of varying size and 

number into self-compacting mortar. Samples with porosity ranging from 2 

to 32% were tested. In all cases, permeability and compressive strength were 

substantially higher than conventional permeable concrete. More 

significantly, CRP can be engineered with low porosity (5%), high strength 

(> 50 MPa) and high permeability (> 2 cm/s), but does not clog despite 

extensive cyclic exposure to flow containing sand and clay. We report for the 

first time a high strength clogging resistant permeable pavement capable of 

retaining sufficient porosity and permeability for storm-water infiltration 

without requiring frequent maintenance. This innovative system will help 

alleviate urban flooding and contribute towards a more sustainable 

urbanisation.  

 

 



  

 
   

114 

5.1.  Introduction 

For the last century and a half societies have become increasingly 

urbanised. As our cities expand, they become more vulnerable to flooding as 

impermeable surfaces are wholly incapable of absorbing rainfall. Therefore 

flooding, whether mild or catastrophic in nature has become increasingly 

likely. Flooding impacts on lives, commerce and society as a whole, to say 

nothing of the cost of damage, which is measured in billions of pounds per 

year in the UK alone.   

In recent years, permeable pavements have been increasingly 

promoted as an effective sustainable drainage system (SuDS) to mitigate 

surface flooding in urban areas. Permeable concrete (PC), also known as 

pervious concrete, is a popular type of permeable pavement as it has the 

ability to transport large volumes of water through the porous structure of the 

material.  However, the pore structure of permeable concrete can become 

clogged by sediment particles and its ability to drain storm-water runoff 

gradually decreases (Deo et al., 2010; Tong, 2011; Mata and Leming, 2012; 

Coughlin et al., 2012; Yong et al., 2013). A detailed review of this topic was 

presented in Chapters 2 and 4 of this thesis.  

The problem, which causes clogging in existing permeable concrete, 

is the high tortuosity of the pore network, with variable path cross-sections 

and random interconnectivity. Tortuosity is a measure of geometric 

complexity of a porous medium, in this case permeable concrete (Bear, 1988). 

Each flow path through permeable concrete has a different tortuosity and the 

probability of particulates retaining and accumulating within narrow pore 

constrictions increases with increase in tortuosity. As such, the potential for 

clogging becomes greater for porous materials with high tortuosity. 

Therefore, it is important to develop clogging resistant permeable concrete 
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that retains sufficient high porosity and permeability for storm-water to 

infiltrate throughout its service life without requiring substantial 

maintenance. One approach is to engineer a pore structure that is uniform and 

low tortuosity. It is expected that surface runoff will be effectively transferred 

through such a material with a much reduced risk of retaining solid 

particulates.  

Furthermore, it would be advantageous for the pervious pavement to 

have high compressive strength to enable use in heavily loaded applications. 

Conventional permeable concretes rely on high porosity to achieve sufficient 

permeability, and consequently are low strength systems restricted to light 

traffic or pedestrian pavements. Therefore, a major research challenge is to 

develop a new type of high strength clogging resistant permeable pavement 

(CRP) that is highly porous, but has low tortuosity and is deliverable on site 

without reducing the mechanical properties of the concrete. Achieving this 

will enhance the efficiency, durability and cost effectiveness of permeable 

pavement, thereby enabling its wider application. 

The overall aim of this chapter is the development of a new permeable 

pavement system which is more durable, less prone to clogging and does not 

require frequent maintenance. In addition, we seek to deepen the overall 

understanding of clogging as a process and how this affects permeable 

concrete. The proposed CRP was tested and compared against a broad range 

of permeable concretes, both laboratory prepared and commercially 

available. Some of the key experimental variables were effective porosity (2 

to 32%), cylindrical tube diameter (3 to 6 mm), particle size (1.25 to 14 mm) 

and clogging method. The combined “sand and clay” and alternate “sand or 

clay” clogging methods were used to recreate clogging as it would occur 

during flooding.  
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5.2.  Experimental program 

5.2.1.  Sample preparation  

Three different sample types were tested: a) conventional permeable 

concrete prepared in the laboratory (PC-Lab), b) conventional permeable 

concrete available in the market (PC-Com) and c) a newly developed high 

strength clogging resistant permeable pavement (CRP).  

The laboratory prepared conventional permeable concrete (PC-Lab) 

samples with target porosity ranging from 11-30% were prepared using CEM 

I 52.5N and Thames Valley siliceous gravel (1.25 to 14 mm), at a 

water/cement (w/c) ratio of 0.35. The gravel had a 24-h absorption of 1.76% 

and a specific gravity of 2.51. Mix proportions are based on absolute volume, 

details of which can be found in Sections 3.1.3 and Appendix I. Trial mixing 

and testing indicated that this approach resulted in samples with target 

porosity very close to the measured void content. The paste drain down effect 

was observed in two mixes and so a viscosity-modifying admixture (VMA) 

(MasterMatrix SDC) was added to the affected mixes. Mix proportions of 

PC-Lab samples are shown in Table 3.1, Section 3.1.3.  

The PC-Lab samples were cast in steel moulds (100 × 100 × 100 mm 

cubes) and Perspex tubes (100Ø × 150 mm), and compacted in three equal 

layers using a vibrating table of adjustable intensity. 36 PC-Lab samples were 

prepared in total. A widely recognised and accepted standard compaction 

method for permeable concrete has not yet been developed. Therefore, 

preliminary tests were carried out to study the effect of compaction time on 

void content of packed Thames Valley gravel, details of which can be found 

in Section 3.1.4. It was observed that 75 s was required to achieve a 

maximum. As such, PC-Lab samples were compacted in three layers, each 

for 25s.  
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Clogging resistant permeable pavement (CRP) with target porosity 

ranging from 2-30% were prepared by introducing plastic tubes of varying 

diameter (3-6 mm) and number into self-compacting mortar (Fig. 5.1). Self-

compacting mortar was prepared using CEM I 52.5N (711 kg/m3) and fine-

grained river sand (< 2.5 mm, 1323 kg/m3) at a w/c ratio of 0.4. The particle 

size distribution of the fine-grained river sand, which compiled with the BS 

EN 12620:2002+A1:2008 medium grading, is presented in Fig. 5.2. The 

specific gravity of sand was 2.76 and 24-h absorption was 0.7%. A 

polycarboxylic-ether type superplasticiser (MasterGlenium 315C with solid 

content of 34.5% and specific gravity of 1.1) was utilized at 0.25% wt. of 

cement to achieve the desired workability. The superplasticiser complied with 

BS EN 934-2:2009+A1:2012. Self-compacting mortar was mixed as per 

Section 3.1.4 with the exception of gravel aggregates being replaced by river 

sand. Mix compositions of CRP are shown in Table 5.1. The number and size 

of the plastic tubes were varied in order to achieve different porosities. The 

CRP samples were cast in steel moulds (100 × 100 × 100 mm cubes or 100 × 

100 × 500 mm prisms) and Perspex tubes (100Ø × 150 mm), with the plastic 

tubes held in place using two steel meshes fixed at the top of the moulds (Fig. 

5.3). Overall 97 CRP samples were prepared using this method. 

All CRP and PC-Lab samples were covered with wet hessian and 

polyethylene sheet for the initial 24 hours, before being de-moulded and 

placed in a fog room at a temperature of 20°C, 95% ± 5% RH for 28 days 

prior to testing for compressive strength, flexural strength, porosity and 

permeability. For CRP, the protruding part of the plastic tubes were trimmed 

using a hot wire in order to produce a flat surface for testing.   

In addition, 24 permeable concretes available on a commercial basis 

(PC-Com) were acquired from a major supplier based in the United Kingdom 

and tested as a comparison against those samples which had been prepared in 
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the laboratory. The PC-Com samples were 100Ø × 150 mm cylinders and 

their porosity ranged from 15-32%. These samples were made of CEM I 

cement, limestone coarse aggregate of 4 to 10 mm particle size, super-

plasticiser, water, stabiliser and retarder as detailed in Section 3.1.2. The 

actual mix compositions for these samples are protected and not accessible to 

the public as they constitute commercially valuable products in their own 

right.   
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(a) 15% P 

 
(b) 8% P 

 
(c) 5% P 

 
(d) 4% P 

 
(e) 11% P 

 
(f) 8% P 

 
(g) 30% P 

 
(h) 8% P 

 

Fig. 5.1. High strength clogging resistant permeable pavement (CRP) 

containing straight pore channels (plastic tubes) of varying size and number 

in self-compacting mortar to achieve porosity ranging from 4 to 30%. 

Samples tested include 100Ø × 150 mm cylinders (a-d), 100 mm cubes (e, f) 

and 100 × 100 × 500 mm prisms (g, h). 



  

 
   

120 

 

Fig. 5.2. Grading curve for river sand fine aggregates. 
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Fig. 5.3. Vertical plastic tubes of 6 mm in diameter are held in place via two 

steel meshes (top) that are fixed at the top of the beam mould – the two steel 

meshes are separated by a gap of approximately 50 mm (bottom). 
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Table 5.1 Mix compositions of high strength clogging resistant permeable 

pavement (CRP). 

 CRP 
 No of tubes ×  

diameter of 
tubes (mm) 

Cement 
(kg/m3) 

Sand 
(kg/m3) 

Water 
(kg/m3) 

SP 
(%) w/c 

Target 
porosity  

(%) 
2% P 21 × 3 697 1297 278 0.25 0.4 2 

4% P 42 × 3 683 1270 273 0.25 0.4 4 

4% P* 11 × 6 683 1270 273 0.25 0.4 4 

5% P 21 × 5 675 1257 270 0.25 0.4 5 

8% P 84 × 3 654 1217 261 0.25 0.4 8 

8% P* 21 × 6 654 1217 261 0.25 0.4 8 

11% P 42 × 5 633 1177 253 0.25 0.4 11 

15% P 42 × 6 604 1125 241 0.25 0.4 15 

21% P 84 × 5 562 1045 224 0.25 0.4 21 

30% P 84 × 6 498 926 199 0.25 0.4 30 
*Mixes of similar porosity are differentiated by using an asterisk. 

 

5.2.2.  Mini-slump flow test of self-compacting mortar 

Mini-slump flow test is a measure of fluidity and filling ability of self-

compacting mortar. In this study, a cone of 40 × 90 × 75 mm was used to 

conduct a mini slump flow test for self-compacting mortar. The cone was 

initially placed at the centre of a steel base plate, and was filled with mortar. 

On lifting the cone immediately after filling, the mortar was spread over the 

base plate and the average diameter (in mm) of the spread was measured as 

the slump flow. According to the European Federation of Specialist 

Construction Chemicals and Concrete Systems (EFNARC), the acceptable 

slump flow must be in the range of 240-260 mm (EFNARC, 2002). In this 
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study, the final mix proportions of high-strength clogging resistant permeable 

pavement (CRP) were selected based on the trial and error method. The sand 

content, w/c ratio, sand gradation and superplasticiser content were varied 

until a self-compacting mortar mix with the required EFNARC specifications 

on slump flow test was achieved. The slump flow of the self-compacting 

mortar mix, (711 kg/m3 of cement, 1323 kg/m3 of fine-grained river sand < 

2.5 mm at w/c ratio of 0.4 and 0.25% wt. of cement of superplasticiser), was 

240 mm which is within the acceptable range. The mortar spread was also 

visually checked at the circumference and the central area and no segregation 

or bleeding was observed in the fresh self-compacting mortar used in CRP 

(Fig. 5.4). In addition, no segregation was observed in hardened CRP (Fig. 

5.5).   

 

 

Fig. 5.4. The self-compacting mortar in the fresh state used in high-strength 

clogging resistant permeable pavement (CRP), showing no signs of 

segregation or bleeding. 
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Fig. 5.5. High-strength clogging resistant permeable pavement (CRP) of 0% 

porosity (self-compacting mortar) prism is split into two (top), cross-section 

of the 100 × 100 × 500 mm prisms showing no segregation (bottom). 

 

5.2.3.  Porosity 

In order to obtain the porosity (ϕ) of permeable concrete (PC-Lab and 

PC-Com), the mass of the saturated-surface dry sample in air and in water 

was measured and Eq. 3.2 in Section 3.2.2 was used. 6 replicates per mix 

were measured and averaged.  

Porosity of CRP was calculated from the size and number of straight 

pores (plastic tubes) in the mix: 

ϕ = [
Vp × 𝑛 

 Vc
]  × 100%              (5.1) 
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Where Vp is the volume of each pore (plastic tube), n is number of pores and 

Vc is the volume of the cylindrical sample (m3). Results were confirmed 

experimentally by filling the pores with water and dividing its volume by the 

volume of the sample. Porosity was recorded and averaged on 7 replicates per 

mix. 

 

5.2.4.  Compressive strength 

The compressive strength of all samples was measured in accordance 

with BS EN 12390-3:2009, as per Section 3.5, on 100 mm cubes (for PC-Lab 

and CRP samples) and 100Ø × 150 mm cylinders (for PC-Com samples) at 

28 days, using three replicates per mix for PC-lab and PC-Com and six 

replicates for CRP. Samples were placed between two 150 × 150 × 25 mm 

metal plates so as to guarantee constant loading at a rate of 0.3 MPa/s to 

ultimate failure. 

 

5.2.5.  Flexural strength 

Flexural strength is one form of a tensile strength measurement in 

which an unreinforced concrete beam is to resist failure in bending (Fig. 5.6).  

It is measured by loading 100 × 100 mm prisms that must have a span length 

at least three times the width of the specimen. In this study, the flexural 

strength (fr), expressed as modulus of rupture (MPa), is determined in 

accordance with standard test methods BS EN 12390-5:2009 (two-point 

loading, also known as third point loading), as detailed in section 3.6, on 100 

× 100 × 500 mm CRP prisms at 28 days, using three replicates per mix. All 

CRP prisms of different porosity are presented in Appendix V. 
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Fig. 5.6. The Two-Point loading test is performed on 100 × 100 × 500 mm 

high strength clogging resistant permeable pavement (CRP) prism of 30% 

porosity as cast (top), in flexural strength test set-up (middle) and at flexural 

failure (bottom).  
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5.2.6.  Permeability 

A falling head permeability setup was used to measure permeability, 

this is shown schematically Fig. 3.3, Section 3.3. Each sample first had to be 

pre-conditioned, this was achieved by directing a flow of water through the 

setup until there was no remaining visible trapped air to ensure complete 

saturation. The test was initiated by closing valve 1 to fill the graduated 

cylinder with water. Valve 1 was then released and the time (t) required for 

the water level to fall from an initial head h1 (1000 mm) to a final head h2 

(250 mm) was recorded. The permeability cell was drained and the rig was 

cleaned at the end of each clogging test through the use of valve 2. For each 

sample, this procedure was repeated three times and the average time t was 

used to determine hydraulic conductivity (k, m/s) as per Darcy’s law (Eq. 3.3, 

Section 3.3). For each mix, permeability (hydraulic conductivity) was 

measured on 3 replicates for PC-Lab, 6 replicates for PC-Com and 2-4 

replicates for CRP. Permeability was measured three times for each replicate 

and averaged.  

 

5.2.7.  Clogging after cyclic exposure 

In order to determine clogging, samples were exposed to aqueous 

solutions containing fine-grained river sand (< 1.25 mm) and/or bentonite 

clay, this exposure was carried out over many cycles. The sand particles had 

a d50 value of ~ 108 μm. The dry bentonite clay comprised of agglomerated 

particles < 150 μm. Two exposure methods were used: 1) combined “sand 

and clay (S & C)” and 2) alternate “sand or clay (S / C)” loading, details of 

which can be found in Table 3.2, Section 3.4. During each clogging cycle 

permeability (k) was recorded, this was repeated until complete clogging 

occurred. Complete clogging is here defined as when no measurable flow 
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(k→0) or measurable change in permeability (∆k→0) was observed. Several 

conventional permeable concretes were subjected to trials using varying 

quantities of sand and clay in order to determine the appropriate loading rates. 

It was determined that applying 0.8 g/cm2 of sand or 33.3 g/L of clay per 

cycle led to a measurable reduction in permeability and complete clogging 

would occur within a span of approximately ten cycles. This loading rate 

simulates a severe clogging scenario and represents a good compromise to 

achieve measurable change within a reasonable test duration. Further details 

are presented in Section 3.4.  

 

5.3.  Results and Discussion 

5.3.1.  Compressive strength  

There are a range of factors which influence the compressive strength 

of permeable concrete. Porosity, cement content, w/c ratio, compaction 

during placement and the characteristics of the aggregate are all known to 

have an effect. Fig. 5.7 presents compressive strength as a function of porosity 

for all samples. For conventional permeable concretes (PC-Lab and PC-

Com), compressive strength ranged from 6 to 32 MPa for porosities of 12 to 

32%. In contrast, the compressive strength for CRP, ranged from 19 to 59 

MPa for porosities between 2 to 30%. As expected, strength was inversely 

proportional to porosity (R2 > 0.9). A 1% increase in porosity would lead to 

a decrease in strength of between 3-4% on average.  

At comparable porosity, the compressive strength of PC-Lab was 

noted to be slightly lower than that of PC-Com. There are a number of reasons 

why this should be the case, these include variations in aggregate and binder 

type, the smaller pore sizes which arise from the smaller aggregates used in 
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PC-Com, as well as the paste drain down present in most PC-Com samples 

which served to improve particle bonding. However, the compressive 

strength of CRP was substantially higher than the conventional permeable 

concretes. In fact, the compressive strength of CRP is about twice that of PC-

Lab or PC-Com at similar porosity. This is attributed to higher cement paste 

content, the modified pore distribution and the lack of coarse aggregate in 

CRP. 

According to the Design Manual for Roads and Bridges (2015), the 

characteristic compressive strength for pavements used in highways should 

reach at least 25 MPa before opening to traffic. This is consistent with the 

recommendation by the ACI 325 (1991) of 26 MPa. All of the CRP apart 

from the 30% porosity sample have achieved 28-day compressive strength 

values that are much greater than 25 MPa. In contrast, conventional 

permeable concretes typically have strengths lower than 25 MPa, as shown in 

Fig. 5.7, which is consistent with findings from other studies (Wang et al., 

2006; Sumanasooriya and Neithalath, 2011; Sumanasooriya et al., 2012; 

NRMCA, 2009; Kevern et al., 2010; Ibrahim et al., 2014; Meininger, 1988). 
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Fig. 5.7. The relationship between compressive strength, flexural strength and 

porosity for conventional permeable concretes (PC-Lab and PC-Com) and 

high-strength clogging resistant permeable pavement (CRP) at 28-day. 

 

5.3.2.  Flexural strength  

The flexural strength of permeable concrete is influenced by porosity 

and other factors including the degree of compaction and the aggregate to 

cement (a/c) ratio (Tennis et al., 2004). As shown in Fig. 5.7, the flexural 

strength for CRP ranged from 1.9 to 4.4 MPa for porosities ranging from 4 to 

30%. The flexural strength was inversely proportional to porosity as 

expected, and was substantially lower than compressive strength. In all cases, 

the fracture plane was observed to pass through the vertical tubes (Fig. 5.8). 
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Decreasing the diameter and number of vertical tubes led to improved 

interlocking and this meant that fracture has to propagate through a thicker 

mortar matrix, thus increasing strength. Nevertheless, the flexural strength of 

CRP was only 5-13% of its compressive strength. In contrast, the flexural 

strength of conventional concrete is about 10-15% of its compressive strength 

(Raphael, 1984). 

A number of studies have investigated the mechanical properties of 

conventional permeable concrete (PC) pavements. The flexural strength of 

permeable concrete generally ranges between 1 to 3.8 MPa (Tennis et al., 

2004). Chandrappa and Biligiri (2018) found flexural strength of permeable 

concrete to be between 1.5 to 3.2 MPa for porosities in the range of 23-30%. 

Moreover, flexural strength was dependent on aggregate size and gradation 

such that increase in aggregate size lowered the flexural strength due to large 

pore sizes and single-sized mixtures had the lowest flexural strength followed 

by binary and ternary gradations. Ibrahim et al. (2014) reported flexural 

strength of permeable concrete made up of a combination of single-sized and 

binary aggregates to be in the range of 0.43–2.2 MPa. According to 

Mahalingam and Mahalingam (2016) flexural strength ranged from 1.88 to 

3.21 MPa for porosities between 21-28% depending on different aggregate 

gradations and a/c ratios. Nassiri and AlShareedah (2017) found flexural 

strength of permeable concrete to be mainly controlled by the hardened 

porosity and reported 28-day flexural strength to be between 1.81 and 2.79 

MPa for porosities in the range of 20-30%. At comparable porosity, the 

flexural strength of CRP was slightly higher that that reported in the literature 

attributed to the higher cement paste content, the modified pore distribution 

as well as the lack of coarse aggregates in CRP. 
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Fig. 5.8. The fracture plane (highlighted in red above) passes through the 

vertical tubes. 

 

Flexural strength is an important design parameter for permeable 

concrete pavements, but the test is sensitive to sample preparation, curing 

procedure and damage during handling. As such, many highway agencies as 

well as National Ready Mix Concrete Association (NRMCA), American 

Concrete Pavement Association (ACPA), American Concrete Institute (ACI) 

and Portland Cement Association (PCA) suggest the use of compressive 

strength testing for quality assurance of concrete pavements (NRMCA, 

2000). It is also common to use empirical relationships derived from 

conventional concrete, to estimate flexural strength from compressive 

strength for use in pavement design (Tennis et al., 2004).  

There are several established correlations between flexural strength 

(fr) and compressive strength (fc) for conventional concrete. The equations 

proposed to determine the flexural strength are of the power equation type: 
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flexural strength, fr  = b fc
n where fc is the compressive strength of the concrete, 

b (varies from 0.33 to 0.94) and n (1/2 or 2/3) are coefficients which depend 

on factors such as strength level, aggregate properties, admixture type, 

moisture content of specimen, compaction and curing conditions, specimen 

geometry, age of concrete, etc. The value reported for the flexural strength by 

various investigators and standards in square root form (n = 1/2) ranges from 

0.3 to 1.0 fc
0.5 MPa (Ahmed et al., 2008). Ahmed et al. (2014) have assessed 

the square root (n = 1/2) and power model (n = 2/3) proportionality equations 

relating flexural strength and compressive strength reliability and concluded 

that the power model is more reliable and applicable to a large range of 

concrete strength levels. The established correlations between flexural 

strength and compressive strength for conventional concrete include the 

relationship proposed by ACI 318 (fr  = 0.62 fc0.5), BS EN 1992 (fr  = 0.342 

fc
2/3) and BS 8110 (fr  = 0.6 fc

0.5).  

Currently, there is no standard relationship between flexural strength 

and compressive strength for permeable concrete pavements. For pavement 

design purposes, it is essential to develop a relationship between the 

compressive and the flexural strength of high-strength clogging resistant 

permeable pavement (CRP). Due to highly porous nature of CRP, its 

mechanical properties are different than those of conventional concrete. 

Therefore, it is unclear whether the aforementioned equations are applicable 

to CRP. To address this, Fig. 5.9 presents the correlation between flexural and 

compressive strength for CRP. Non-linear regression found that the best-fit 

power model is in the form of fr  = 0.284 fc
2/3. This is compared against the 

relationships proposed by ACI 318, BS EN 1992 and BS 8110 for 

conventional concrete. It can be seen that these equations tend to over-

estimate the flexural strength of CRP. As expected, flexural strength 

increased with compressive strength and samples with lower porosity had 

greater compressive and flexural strength. This is attributed to the lower pore 
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volume resulting in greater cement content and hence increasing the 

resistance of the sample to crack propagation. Clearly, more data is needed 

for a thorough evaluation.  

ACI 325 (1991) states that the 28-day flexural strength, measured by 

two-point (third-point) loading, for pavements should reach 3.9 MPa before 

opening to traffic. This is consistent with the recommendation by the Virginia 

Department of Transport (VDOT) (1997) of 3.5 MPa. It is interesting to note 

that all of the CRP samples with porosity < 20% satisfy this criteria. In 

contrast, conventional permeable concretes typically have flexural strength 

lower than 3.5 MPa (Tennis et al., 2004; Chandrappa and Biligiri, 2018; 

Ibrahim et al., 2014; Mahalingam and Mahalingam, 2016; Nassiri and 

AlShareedah, 2017). 
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Fig. 5.9. Correlation between 28-day flexural and compressive strength for 

clogging resistant permeable pavement (CRP). The relationships proposed by 

ACI 318, BS 8110 and Eurocodes (BS EN 1992) for conventional concrete 

are shown as reference. 

 

5.3.3.  Permeability of unclogged PC 

The correlation between original (unclogged) permeability and 

porosity of PC-Lab, PC-Com and CRP is demonstrated in Fig. 5.10. 

Permeability varied across an order of magnitude from 0.1 to 1.7 cm/s for 

conventional PC, and from 0.6 to 11.9 cm/s for CRP. As was expected, 

permeability increased with porosity. Furthermore, there is a strong linear 

relationship between permeability and porosity for CRP (R2 of 0.99). This 
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suggests that the initial permeability of CRP can be estimated from the 

measured porosity. It should be noted that the error bars are small and not 

visible in Fig. 5.10. This shows that there is no significant variation between 

replicate permeability values and that the mean value can therefore be taken 

as representative.  

For similar porosities, the permeabilities of CRP were about an order 

of magnitude larger than that of PC samples. The permeability of the densest 

CRP (< 5% porosity) were as high as the permeability of the most porous PC 

tested (> 30% porosity). Therefore, CRP can be engineered with low porosity 

and very high strength (> 50 MPa), yet with equal flow performance to 

conventional PC. This striking behavior can be explained by differences in 

the pore structure. The pore network in conventional PC is highly complex, 

tortuous and heterogeneous, with variable cross-section and random 

interconnectivity. Tortuosity is an intrinsic property of a porous material, 

usually defined as the ratio of actual flow path length to the straight distance 

between the ends of the flow path (Bear, 1988). Tortuosity is also related to 

the inverse of connectivity. Pores in conventional PC produce large tortuosity 

(> 1), the exact value varies depending on flow path. Conversely, CRP has a 

homogenous pore structure of constant cross-section and tortuosity of 1. 

Therefore, flow occurs much faster through CRP compared to conventional 

PC, resulting in substantially higher permeability. 
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Fig. 5.10. The relationship between permeability and porosity for 

conventional permeable concrete (PC-Lab, PC-Com), and high-strength 

clogging resistant permeable pavement (CRP). 

 

5.3.4.  Estimating permeability from pore structure 

Considering that the pore structure of CRP consists of simple straight 

cylindrical tubes of constant cross section, it would be interesting to explore 

if the permeability can be calculated from first principle thereby avoiding the 

need for testing. One approach is to combine Darcy’s law with Hagen-

Poiseuille’s equation. Darcy’s law (Eq. 5.2) relates permeability (k, m/s) to 

volumetric flow rate (Q, m3/s), hydraulic gradient (i) defined as the ratio of 
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hydraulic head to sample thickness ( Δℎ

𝐿
), and cross-sectional area of the 

porous medium (A, m2).  

k = Q
A i  

=  
𝑄 𝐿

𝐴 ∆ℎ
              (5.2) 

Hagen-Poiseuille’s equation (Eq. 5.3) describes the laminar flow of 

incompressible Newtonian fluid through a tube of constant circular cross 

section, with length substantially longer than the diameter, and with no 

acceleration of fluid in the tube: 

Q = 𝜋 𝑅4𝜚 g 𝛥ℎ

8 𝜇 𝐿 
               (5.3) 

Where Q is volumetric flow rate (m3/s), R is radius of the cylindrical pipe 

(m), ρ is the fluid density (1000 kg/m3), g is the gravitational acceleration 

(m/s2), Δh is the change in hydraulic head (m), μ is dynamic viscosity of fluid, 

(0.001 Pa s for water) and L is the length of the tube. Combining Eq. 5.2 and 

Eq. 5.3 for n number of tubes in a sample gives:   

k = 𝑛 𝜋 𝑅4𝜚 g 
8 𝜇 𝐴 

=
ϕ 𝑅2𝜚 g 

8 𝜇 
            (5.4) 

Where ϕ is the sample porosity (= n  R2/A). The results presented in Fig. 

5.11 show that Eq. 5.4 over-estimates the measured permeability by a 

substantial margin ranging from 8× to 30× difference. The error increases 

with porosity. One possible explanation is that the Hagen–Poiseuille equation 

tends to fail for low viscosity fluids in wide and/or short tubes (Sutera and 

Skalak, 1993; Kirby, 2010). For short tubes, the Hagen–Poiseuille equation 

gives unrealistically high flow rates and therefore overestimates permeability. 

In such a case, the flow rate should be bounded by Bernoulli’s principle 

instead:  
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 Q = 𝜋 𝑅2√ 2 𝑔 Δℎ                         (5.5) 

Combining Eq. 5 and Eq. 8 gives:  

 k = 
𝑛 𝜋 𝑅2 𝐿 √  

2 𝑔

∆ℎ
 

𝐴
=  ϕ 𝐿√ 

 2 𝑔

∆ℎ
             (5.6) 

Fig. 5.11 shows that Eq. 5.6 also over-estimates measured permeability, but 

with a much improved agreement compared to Eq. 5.4. The error is about a 

factor of 2 at most. At large porosities ( 15%), the error increased slightly, 

which could be attributed to the flow regime being close to or within the 

transitional region (discussed in Section 5.3.5). Nevertheless, Eq. 5.6 will 

serve as a basic guide for designers to estimate the permeability of CRP from 

known porosity (ϕ). It should be noted that the permeability of conventional 

permeable concrete (PC-Lab and PC-Com) can be estimated from pore 

structure using a Kozeny-Carman type equation as discussed in Chapter 4. 
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Fig. 5.11. Comparison between falling head permeability for clogging 

resistant permeable pavement (CRP) and calculated permeability using 

Hagen-Poiseuille and Bernoulli’s equations. 

 

5.3.5.  Flow regime  

The use of Darcy’s law, Hagen-Poiseuille and Bernoulli’s equations 

to determine permeability assumes laminar flow and all are invalid in the 

event that the flow becomes turbulent. The permeability testing of CRP 

involves high flow velocities that could create turbulent flow and, therefore 

this assumption must be checked. The Darcy-Weisbach equation (Cengel and 

Cimbala, 2006) can be used to determine the flow regime inside CRP. This 

equation describes the relationship between the friction factor fD and the 
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Reynolds number, Re: 

𝑓𝐷 = 64
𝑅𝑒

               (5.7) 

Where Re is the Reynolds number (Cengel and Cimbala, 2006) and is defined 

as: 

Re = 𝜚 𝑣 𝐷 

𝜇 
               (5.8) 

Where ρ is the fluid density (1000 kg/m3), v is the mean flow velocity (m/s) 

obtained by multiplying the measured permeability (k, m/s) by hydraulic 

gradient (i), D is the diameter of the cylindrical tube (m) and μ is fluid 

dynamic viscosity (0.001 Pa s for water). 

The flow regime through a circular pipe is typically laminar for Re ≤ 

2300, turbulent for Re ≥ 4000 and transitional in between (Cengel and 

Cimbala, 2006). The results presented in Fig. 5.12 show that the flow regime 

in all CRP, except the 30% P samples, were within the laminar region. The 

15% P and 21% P samples were close to the transitional regime, and this 

could have contributed to the high calculated permeability (Fig. 5.10). The 

flow regime through PC-Lab and PC-Com samples was discussed extensively 

in Chapter 4.  
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Fig. 5.12. Determining the flow regime for clogging resistant permeable 

pavement (CRP) from the Darcy friction factor fD and Reynold’s number Re 

calculated from experimental data (falling head permeability).   

 

5.3.6.  Effect of clogging on permeability  

Fig. 5.13 demonstrates the change in permeability which occurs with 

increasing number of clogging cycles for all conventional permeable 

concretes (PC-Lab and PC-Com) subjected to the combined S & C loading or 

alternate S / C loading technique. For all samples, the highest permeability 

occurred initially, but permeability decreases at an exponential rate with 

increasing number of clogging cycles. This is caused by blockage of pores by 

sediments that consequently decreases porosity and increases tortuosity. This 
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occurred even for the most porous PC samples (32% P). Complete clogging 

occurred after a number of cycles, the exact number was dependant on the 

porosity of a particular sample and the clogging method used. A more rapid 

loss of permeability was observed in the combined S & C clogging method 

as there was a simultaneous application of both sand and clay in each cycle. 

In the combined S & C loading, complete clogging occurred after 3-7 cycles, 

as opposed to 3-8 cycles for alternate S / C loading.  

Low porosity (11% and 19%) PC samples clogged rapidly as a result 

of smaller pore volume and size as well as higher tortuosity. This encourages 

trapping of solid particles within the pore structure leading to accumulation. 

Samples that were affected by paste drain down also clogged rapidly due to 

blockage of the pore structure leading to poor infiltration capacity. In cases 

where VMA was added to the same mix in order to mitigate paste drain down, 

the resulting samples both demonstrated higher initial permeability and were 

able to withstand a higher number of loading cycles before becoming fully 

clogged. The clogging behaviour of PC-Lab and PC-Com samples of 

equivalent porosity was similar and they withstood about the same number of 

cycles before becoming fully clogged. 

Fig. 5.14 shows that the effect of cyclic clogging on CRP is very 

different compared to conventional PC. The majority of CRP showed no 

reduction in permeability despite extensive exposure to sediments over many 

clogging cycles. The samples showed similar behaviour when subjected to 

combined S & C loading or alternate S / C loading. This highlights the 

effectiveness of CRP in resisting clogging, which is attributed to the 

engineered pore structure that consists of vertical channels with tortuosity of 

1 and no constrictions. This enabled particulates to flow through without 

being trapped within the pore structure. It is also interesting to note that some 

CRP with porosity as low as 4% did not clog, despite the fact that they had 
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similar initial permeability to conventional PC at 32% porosity. This suggests 

that low tortuosity and lack of constrictions (constant pore cross-section) are 

the governing factors that influence clogging. 

As expected, the permeability of CRP with extremely low porosity 

(2%) decreased with cyclic loading. Full clogging occurred after 8 cycles for 

combined S & C loading and after 13 cycles for alternate S / C loading. 

Similarly, the 4% P CRP sample clogged after 9 cycles of the combined S & 

C loading only. This was attributed to the small diameter of the pores (3 mm) 

combined with the presence of only a small number of pore channels in these 

samples. When the number of pores increased at constant 3 mm diameter, 

such as the 8% P sample (84  3 mm tubes), full clogging was not observed. 

In addition, clogging was avoided in low porosity samples by incorporating 

larger tubes. For example, the 4% P* CRP prepared using 11  6 mm tubes 

(Table 5.1) did not clog in either combined S & C or alternate S / C loading. 

It is also worth noting that samples with similar porosity but larger pore size 

gave higher permeability. For example, the permeability of 8% P* (21  6 

mm) was 50-60% higher than that of 8% P (84  3 mm) at the end of the 

cyclic clogging experiments. Finally, the experiments described in this study 

focussed solely on the pavement layer and did not test a complete CRP 

system. However, due to the highly porous nature of the sub-base layer, it is 

anticipated that the performance of the pavement would be unchanged even 

if a complete CRP system had been tested. 
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(a) Combined S & C loading 

 

 
(b) Alternate S / C loading 

Fig. 5.13. The permeability of conventional PC exposed to a) combined “sand 

& clay” and b) alternate “sand / clay” clogging method, showing that clogging 

occurred with increasing number of clogging cycles. 
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(a) Combined S & C loading 

 

 
(b) Alternate S / C loading 

Fig. 5.14. The permeability of CRP exposed to a) combined “sand & clay” 

and b) alternate “sand / clay” clogging method, showing that no clogging 

occurred in majority of CRP samples. 
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5.3.7.  Visual observation of clogging 

Visual inspection during combined S & C loading for conventional 

PC and low porosity (≤ 4%) CRP found that initially sand particles retain on 

the top surface (PC and CRP) or within the first quarter of the sample (PC), 

while the majority of the clay passes through. The amount of retention 

increases with each subsequent cycle up to the point at which full clogging is 

achieved. The clay is well mixed into the slurry before this is applied, but 

even so, flocculated clay tends to attach onto the surface of sand particles, 

which will then bond and form a thick layer on the sample (e.g. Fig. 5.15a). 

This layer increases in thickness the greater the number of clogging cycles 

the sample has been subjected to. For CRP with porosity ≥ 8%, most of the 

sand and clay passed through with very little sand accumulating on the top 

surface (Fig. 5.15b). The degree of retention is dependent on sample porosity 

as well as sediment size relative to pore size, so that samples with large pores 

or greater number of tubes have far less sand accumulation. The deposition 

pattern of clogging particles on all high-strength clogging resistant permeable 

pavement (CRP) samples of different porosity is presented in Appendix IV. 

For S / C loading, the nature of the top layer was related to the cycle 

in which full clogging took place. A layer of sand was seen to form on the top 

surface of the sample in cases where clogging occurred during an odd cycle 

number. However, a layer of both clay and sand was observed on the top 

surface of the sample in those cases where clogging occurred during an even 

cycle number. CRP with large pores (5 and 6 mm) did not show any pore 

blockage (Fig. 5.15c), and accumulation of sediments was only observed on 

the surface of a small number CRP with 3 mm pores (Fig. 5.15d). Dismantling 

the samples after the tests showed that there was very little clay particles 

present in the sample. This suggests that in cases where clay is well-dispersed 

in water, it will simply pass through the sample, doing very little to bring 



  

 
   

148 

about clogging unless it becomes flocculated and accumulates either inside 

the sample or on its top surface. Therefore, the actual deposition pattern is 

largely dependent on the exposure and particle size relative to the pore size.  

 

           
        (a)                                (b) 

 

           
 

       (c)                   (d) 
 

Fig. 5.15. Deposition of clogging particles on CRP: a) low porosity samples 

(≤ 4%) show flocculated clay adhering on to surface of sand particles; b) high 

porosity samples (≥ 8%) show little accumulation of sand or clay; c) no 

blockage in samples with large pore diameters (5 or 6 mm); d) sediment 

accumulation on samples with small pores (3 mm). 
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5.4.  Conclusions 

A new type of permeable pavement that is resistant to clogging, yet 

achieves high permeability and compressive strength that can be poured on 

site has been developed. This high-strength clogging resistant permeable 

pavement (CRP) was tested against a wide variety of conventional laboratory 

prepared and commercially available permeable concrete (PC) samples. 

Some of the key test variables were aggregate particle size (1.25 to 14 mm), 

pore diameter (3 to 6 mm), effective porosity (2 to 32%) and clogging method 

(combined sand and clay, or alternate sand / clay). The main findings are: 

a) Compressive strength of CRP varied from a low of 19 to a high of 59 

MPa compared to 6 to 32 MPa for conventional PC. At equivalent 

porosity, the compressive strength of CRP is about twice that of 

conventional PC. This is due to the higher cement paste content, the 

specific porosity distribution and the lack of coarse aggregate in CRP. 

Flexural strength of CRP ranged from 1.9 to 4.4 MPa.  

b) Initial permeability of CRP ranged from 0.6 to 11.9 cm/s compared to 

0.1 to 1.7 cm/s for conventional PC. At equivalent porosity, the 

permeability of CRP is about an order of magnitude greater than 

conventional PC. This is attributed to the homogenous and low 

tortuosity pore structure of CRP.  

c) All conventional PC experienced reduction in permeability and 

complete clogging after 3 to 8 cycles of exposure to sediments, this 

was dependent on the porosity of individual samples and the exposure 

method used. The combined sand and clay method resulted in a more 

rapid degradation of permeability. However, CRP with porosity of 5% 

and above showed no reduction in permeability despite exposure to 

sediments over many cycles. This is attributed to the pore structure 

that consists of vertical channels with tortuosity of 1, with no 
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constrictions.  

d) CRP can be engineered with low porosity (5%) to achieve high 

compressive strength (> 50 MPa) and high permeability (> 2 cm/s), 

but does not clog despite extensive cyclic exposure to flow containing 

sand and clay. The deployment of a high-strength clogging resistant 

permeable pavement will eliminate the need for time consuming and 

expensive maintenance, a significant advantage over conventional 

permeable pavements, which will reduce the long-term operational 

cost of the system.  

e) Permeability of CRP has a strong linear relationship with porosity (R2 

of 0.99). Furthermore, a simple method that combines Darcy’s law 

and Bernoulli’s equation is able to estimate the permeability of CRP 

to within a factor of two. This suggests that the permeability of CRP 

can be modelled from the pore structure.  
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Chapter 6  

Delivering high strength clogging resistant 

permeable pavement on site 

 

Chapter 5 presented the development, preparation and performance 

evaluation of high-strength clogging resistant permeable pavement (CRP) 

through small-scale laboratory samples. However, in order for this novel 

concept to be a truly successful innovation, it is also necessary to examine the 

means by which CRP can be delivered large-scale on site. The use of highly 

flowable self-compacting mortar will facilitate this, but formation of the 

vertical pore channels of low tortuosity remains a challenge. In this chapter, 

we briefly discuss several possible methods that are currently being 

investigated for further development.  
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6.1.  Introduction 

Permeable concrete is utilized in order to alleviate flooding in towns, 

cities and other urban areas, but it is prone to clogging, has relatively low 

strength and requires regular maintenance. We have developed a novel 

permeable concrete with low tortuosity pore structure that can be cast on-site, 

that is not only resistant to clogging, but also has high permeability and 

strength. This high-strength clogging resistant permeable pavement (CRP) 

was prepared by introducing vertical pore channels of varying size and 

number into self-compacting mortar. Samples with porosity ranging from 2 

to 32% were tested against a range of conventional permeable concretes. 

Permeability and compressive strength proved to be substantially higher than 

conventional permeable concrete. More significantly, CRP can be engineered 

with low porosity, high strength and permeability, yet does not clog despite 

extensive exposure to sediments over many cycles. This innovative system 

will help alleviate urban flooding and contribute towards a more advanced 

sustainable infrastructure development. However, in order for CRP to be 

considered a truly successful innovation, it is necessary to examine the means 

by which the work done in a laboratory setting can be utilised in a large-scale 

commercial environment. This chapter investigates three possible in-situ 

delivery methods: a) dissolvable structure; b) removable structure and c) 

buried structure. In addition, a dry-pressed mortar mix is introduced, allowing 

CRP to be delivered as pre-cast elements. 
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6.2. Dissolvable structure 

This method relied on the use of a grid of solid channels that is filled 

with self-compacting mortar. The grid is then dissolved leaving vertical pore 

channels in the hardened mortar. This was first attempted using foam and 

acetone (Fig. 6.1a). Whilst this experiment resulted in vertical pore channels 

in the hardened mortar, not all channels were fully formed (Fig. 6.1b). This 

was due to foam not having sufficient strength and rigidity to remain in shape 

as the self-compacting mortar was poured. Moreover, it is not viable to use 

acetone as it gives off harmful fumes whilst dissolving the foam.  

Another approach that was investigated involved the use of 3D printed 

grids of non-toxic PVA that were subsequently dissolved in warm water. 

Whilst it was possible to dissolve this material, the small surface area exposed 

when the grids were in the hardened mortar meant that the process was very 

slow and it required a heated pressure washer to penetrate through the mortar.  

As a result, this delivery method was not viable as the process was 

very slow and there was also a risk of groundwater contamination. 

Furthermore, the dissolved material was very likely to cause clogging of the 

aggregate sub-base layer. 
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           (a)  
 

   
 

            (b) 

Fig. 6.1. Dissolvable structure delivery method: a) self-compacting mortar is 

casted over a grid of direct channels that are made of foam; b) top of the grid 

of solid channels showing that some channels were not fully formed. 
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6.3. Removable structure 

This method consisted of a grid of protruding steel pins where each 

pin is fitted with a plastic tube that is cast into self-compacting mortar (Figs. 

6.2a and 6.2b). This method produced well-distributed direct channels 

through the self-compacting mortar (Figs. 6.2c and 6.2d). 

The plastic tubes must be pre-loaded onto the grid of rigid pins before 

taken on to the site. The pins should be pushed into the aggregate sub-base to 

avoid blockage of the tubes with self-compacting mortar. The grid is then 

lifted and reused, leaving behind the embedded tubes to form vertical 

channels. This method can be scaled up to lift large grids. It is proposed that 

these grids would interlock and stack vertically enabling large grids to be 

transported on one pallet and positioned on site. 

One of the benefits of this delivery method is that it allows 

construction workers to stand on top of the grid whilst pouring self-

compacting mortar through the holes - this will ensure an even pour of self-

compacting mortar. The grids could also be made of a lightweight durable 

plastic that can be lifted and placed in position by hand. However, this may 

prove to be difficult, if the grid was larger.   

To address this issue, an inflating cushion was introduced underneath 

the grid of protruding pins which led to easy removal of the steel pins out of 

the hardened mortar, leaving the plastic tubes (Fig. 6.3a). This method 

allowed the grid to be much larger and negated the need for lifting machinery. 

All that was required was a small hand pump. Alternatively, the matrix of 

grids could be attached to one central pump and lifted in unison. As it can be 

seen from Fig. 6.3b, using this method resulted in all the direct channels being 

fully formed and the hardened mortar surface was flat and smooth. There was 

no evidence that this method could not be scaled up to lift even bigger grids. 
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Once the grids had formed the vertical channels, they can be removed and 

reused. 

This method is believed to be a viable delivery method for high-

strength clogging resistant permeable pavements (CRP). However, clearly 

more work is needed to thoroughly evaluate this approach. 
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     (a)                          (b) 

            

     (c)                 (d) 

Fig. 6.2. Removable structure delivery method: a) grid of protruding steel 

pins that fitted with plastic tubes; b) top of the grid placed inside the mould; 

c) the bottom of the high-strength clogging resistant permeable pavement 

(CRP) showing the direct channels are fully formed with no blockages; d) the 

pins are subsequently lifted and reused. 
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           (a) 

 

 

 
 

              (b) 

Fig. 6.3. Improved removable structure delivery method: a) inflatable cushion 

underneath the grid of rigid pins lifts and separates the grid from the hardened 

mortar; b) grid of protruding steel pins is lifted and reused resulting in high-

strength clogging resistant permeable pavement (CRP) with a smooth surface.  
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6.4. Buried structure 

This method aimed to create a structure that can be left within the 

hardened mortar once it has been poured. One benefit of this method is that it 

can be placed directly onto the aggregate sub-base layer, which means there 

would be no clogging in the sub-base and hence no restrictions to the flow 

achieved during testing. 

As this structure was designed, different systems were explored in 

order to effectively create vertical channels into a membrane. Instead of 

manually gluing the materials together, this process relied on the elasticity of 

the membrane and the friction between the materials to create a watertight 

seal that prevents the self-compacting mortar from leaking between the joins. 

Similar to the method described in Section 6.3, plastic tubes were 

loaded onto protruding spikes, creating holes inside the membrane (Figs. 6.4a 

and 6.4b). The resulting structure (Fig. 6.4c) is a lightweight self-supporting 

matrix of plastic tubes that can be created on large tiles or rolls and collapsed 

together in order to be easily transported and placed on site. However, there 

are several problems associated with this method: a) the flexible membrane 

causes the plastic tubes to move leading to the structure becoming twisted and 

misshapen when the self-compacting mortar is poured; b) due to the 

lightweight nature of the structure, the workers cannot walk over it making 

an even distribution of mortar difficult; c) two layers of flexible membrane 

are necessary in order to hold the plastic tubes in place whilst providing the 

required support – this will result in difficulty when pouring self-compacting 

mortar on large-scale samples. 

To improve the support of the plastic vertical channels, a matrix of 

rigid tiles were used, these were held together by a flexible membrane (Fig. 

6.5a). The tiles, plastic tubes and the membrane can also be made out of the 



  

 
   

160 

same material, if desired. The tiles will keep the slender drinking straws 

anchored and supported whilst the flexible membrane allows the sheet to 

undulate with any uneven ground. The sheets will have excess flaps around 

the perimeter that can be taped to adjoining sheets or folded over the 

formwork (Fig. 6.5b) to ensure no penetration of mortar into the aggregate 

sub-base. The sheets can be bent and folded (Fig. 6.5c) whilst transported to 

the site. There are channels between each tile to allow the mortar to flow far 

from the point at which it is poured (Fig. 6.5d). Once the mortar has set, the 

protruding straws can be cut down flush to the smooth mortar surface using a 

hot wire device. This process will be very quick, and easy to perform whilst 

resulting in a smooth surface finish (Fig. 6.5e). Therefore, this method could 

be used to produce large-scale high strength clogging resistant permeable 

pavement – but will require more work and evaluation before it could be 

considered ready for use in a commercial setting.  
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           (a)                       (b) 

 
 

 
 

(c) 

 

Fig. 6.4. Buried structure delivery method: a) wooden protruding spikes 

creating holes inside the membrane; b) a flexible membrane held in between 

two plastic plates with a grid of steel pins protruding inside the membrane to 

create holes; c) the resulting structure consisting of self-supporting matrix of 

plastic tubes. 



  

 
   

162 

                                  
(a)                            (b) 

 

 
(c) 

 

                                 
                   (d)       (e) 

  

Fig. 6.5. High-strength clogging resistant permeable pavement (CRP) large-

scale delivery method: a) a matrix of rigid tiles, supporting the vertical tubes, 

were held together by a flexible membrane; b) the flexible membrane is 

folded around the formwork; c) the system can be folded in order to occupy 

less space during transport; d) the channels between each tile allow consistent 

mortar pour around the matrix of tiles; d) the resulting large-scale CRP with 

a flat smooth surface. 
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6.5. Dry-pressed high strength clogging resistant permeable 

pavement 

So far three possible in-situ delivery approaches for high-strength 

clogging resistant permeable pavement (CRP) have been discussed. 

However, CRP can also be supplied as dry-pressed pre-cast elements. 

 

6.5.1 Introduction 

Dry-pressed concrete mixtures are defined as mixes that have just 

enough water to initiate cement hydration without the use of admixtures. Dry-

pressed mixes have a water/cement (w/c) ratio typically in the range of 0.3-

0.38 (NPCA, 2015). 

Dry-pressed concrete mixes can be demoulded immediately after 

casting, enabling the final product to be put in service in a much shorter period 

of time in comparison to other structures made by conventional concrete, thus 

reducing the overall construction costs. Moreover, since dry-pressed products 

can be demoulded as soon as they are cast, multiple sections can be produced 

using a single mould system. Dry-pressed mixes result in final products with 

increased load bearing capacity as well as reduced shrinkage and creep. This 

is attributed to the limited water quantity present in these mixes resulting in 

aggregate particles remaining in contact with each other as opposed to being 

separated by the cement-water paste formed in the wet-mix process of 

producing concrete (NPCA, 2015). 

Conversely, dry-pressed mixtures require intensive external vibration 

as consolidating these stiff mixes with internal vibration is impossible. 

Alternatively, a hydraulic press could be used in order to prepare dry mixes 
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with adequate compaction. Since the same mould is used for preparing a 

number of dry-pressed samples coupled with either application of high 

pressure values or intensive use of external vibrator, it is necessary to use a 

heavy-duty mould. Furthermore, the w/c ratio of the dry-pressed mix must be 

such that the required hydration of the cementitious materials is provided. 

The freshly poured dry-pressed products must be either covered or sealed in 

order to maintain the initial moisture (NPCA, 2015).  

The quality of a dry-pressed product is influenced by the applied 

pressure, the w/c ratio as well as the aggregate type and gradation (Liska and 

Al-Tabbaa, 2008). According to Everhart (1932), an increase in the applied 

pressure can lead to pressure cracking. This is consistent with the findings of 

Liska and Al-Tabbaa (2008) who reported that an increase in pressing force 

from 8 to 10 MPa results in a decrease in both density and compressive 

strength. This is due to the two-stage nature of the compaction of granular 

materials. Initially, the particles rearrange through sliding in between each 

other, forming a denser body. When this is no longer possible, further 

compression or volume decrease can only be achieved by elastic deformation 

during which some of the particles can fracture. When the applied pressure is 

released, the elastic stresses present in the dry-pressed sample dissipate, 

leading to structural damage of the compacted product. Therefore, application 

of a high pressure (in this case 10 MPa) can cause elastic deformations which 

upon release can result in slight increase in volume and subsequent decrease 

in density and compressive strength. However, when pressure was increased 

from 2-8 MPa, an increase in both density and compressive strength was 

observed, as more compacting effort results in more effective removal of 

voids. This effect was more prominent for mixes with lower w/c ratio (Liska 

and Al-Tabbaa, 2008). 
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6.5.2 Preparation and testing of dry-pressed cylindrical 

samples 

Dry-pressed mortar samples were initially prepared in a steel 

cylindrical mould of 50.7Ø × 76.3 mm (Fig. 6.6a) in order to test their 

compressive strength and density. The mould consists of a bottom plate, a 

hollow cylinder, and an ordinary cylinder through which the pressure is 

applied to the sample. The apparatus which was used to apply pressure to the 

mould is illustrated in Fig. 6.6b. 

 

        
                 (a)                                                         (b)  

Fig. 6.6. Preparation of the small dry-pressed cylindrical mould: a) the 

cylindrical mould used for preparation dry-pressed samples; b) the apparatus 

used for the application of hydraulic pressure, accompanied by a labelling of 

the constituent parts. 

 

 

Hydraulic hand pump Hollow cylinder 

Bottom plate 
εεεe 

Cylinder 

https://www.google.co.uk/search?rlz=1C1CHBF_en-GBGB797GB797&q=hydraulic&spell=1&sa=X&ved=0ahUKEwiLm-To8OzcAhWJB8AKHS8vCkIQkeECCCQoAA
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Each dry-pressed mortar mix consisted of ordinary Portland cement 

CEM I 52.5N, fine-grained river sand (< 1.25 mm) and tap water. The 

ordinary Portland cement compiled with the BS EN 197-1:2011 and had a 

specific gravity of 3.15 as detailed in Section 3.1.2. The fine-grained river 

sand particles had a d50 value of ~ 108 μm and compiled with the BS EN 

12620:2002+A1:2008 medium grading, details of which can be found in 

Sections 3.4 and 5.2.1.  

Materials were batched by weight and mixed in a pan mixer. The 

cement and river sand were dry-mixed for one minute. Water was added next 

and the total wet mixing time was no more than three minutes. It should be 

noted that the quality of mixing was closely related to the quality of the final 

product, that is to say that uneven mixing was observed to result in dry areas 

in the mix. In addition, the preparation of the specimens is more complicated 

than simple pouring as it includes the application of hydraulic pressure. 

Therefore, small quantities of each mix were prepared each time, as the mix 

becomes quite dry after some time, resulting in a decrease in the quality of 

the sample.  

Following Repasky (1978), the hydraulic pressure was applied for 10 

seconds at a constant rate. A decrease in the w/c ratio resulted in products of 

low cohesiveness whilst an increase in the w/c ratio led to wet mixes with an 

uneven underside, which needed to be evened out either with a trowel when 

the mix was still wet or by using sandpaper on the hardened sample prior to 

compressive strength testing. The use of the former method was considered 

to be more appropriate, as it does not affect the height of the specimen leading 

to more accurate results. Experimental variables included w/c ratio (0.28 to 

0.5), a/c ratio (3:1 to 6:1) and hydraulic pressure (9 and 18 MPa). Samples 

were cured in a fog room of RH 95% ± 5% at 20°C for either 1 or 7 days 
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before being tested for density and compressive strength in accordance with 

BS EN 12390-7:2009 and BS EN 12390-3:2009 respectively. 

The compressive strength and density of the dry-pressed mortar mixes 

ranged from 4-21 MPa and 1200-2500 kg/m3 for w/c ratios of 0.28-0.5 after 

being cured for 1 and 7 days. It was observed that an increase in both age 

(from 1 to 7 days) and the applied pressure (from 9 to 18 MPa) resulted in an 

increase in both density and compressive strength. This is due to the hydration 

process as well as the rearrangement of the particles in order to form a denser 

body. The optimum w/c ratio was found to be 0.4. This is because cement 

needs a specific portion of water to hydrate and thereby develop strength. 

However, excessive water, in this case a w/c ratio > 0.4, was observed to 

decrease the strength whilst insufficient water, in this case w/c ratios of 0.28 

and 0.3, did not result in formation of the hydration products and subsequent 

strength development.  

 

6.5.3 Preparation of dry-pressed high strength clogging 

resistant permeable pavement   

Having proved the principle, a large-scale sample was produced in 

order to examine the feasibility of dry-pressed high-strength clogging 

resistant permeable pavement (CRP) being delivered on site. Producing this 

larger sample involved the use of a square mould (300 × 300 × 110 mm) with 

a grid of solid steel rods (Fig. 6.7) that is filled with dry-pressed mortar 

mixture. The top surface of the newly poured dry-pressed mortar is flattened 

using a square timber rod. This was done to prevent an uneven surface which 

can lead to pressure being applied unevenly on the product which in turn can 

affect its compaction, density and overall quality. After having placed the top 

plate, four rectangular rods are placed on it in order for the pressure from the 
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hydraulic press (Fig. 6.8a) to be applied evenly along the surface of the 

product (Fig. 6.8b) in addition to allowing the solid steel rods to exit through 

the holes of the top plate. Subsequently, 12 MPa of hydraulic pressure was 

applied, leaving vertical pore channels in the hardened mortar (Fig. 6.9). It 

was decided to apply 12 MPa of hydraulic pressure, as the load bearing 

capacity of the mould was approximately 10-12 MPa, and applying a larger 

pressure would have resulted in yielding of the timer parts of the mould (Fig. 

6.7). More details on the effect of the applied pressure on quality of the dry-

pressed product can be found in Section 6.5.1. 

A range of w/c ratios (0.28 to 0.5), a/c ratios (3:1 to 6:1) and hydraulic 

pressures (9 and 18 MPa) were tested as per Section 6.5.2. A dry-pressed high 

strength CRP with a w/c ratio of 0.4 and an a/c ratio of 3:1 was used in the 

production of the larger sample as this mix was observed to have the optimum 

w/c ratio and hence the highest compressive strength. This mix was found to 

have an appropriate degree of cohesiveness as it was not too wet nor too dry. 

This process was found to be very simple and time efficient (multiple sections 

can be produced using the same mould) and produced samples which had a 

smooth surface finish. Therefore, large-scale delivery of CRP as pre-cast 

elements could be achieved through the use of this method. However, it is 

beneficial for more work to be carried out in order to thoroughly evaluate this 

approach. 
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Fig. 6.7. The mould used for preparation of dry-pressed high-strength 

clogging resistant permeable pavement (CRP). It consists of an aluminium 

plate and solid steel rods. 
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(a) 

 

 
 

(b)  
 

Fig. 6.8. Dry-pressed high-strength clogging resistant permeable pavement 

(CRP) pre-cast delivery method: a) the hydraulic press which was used for 

application of pressure for preparing dry-pressed high strength clogging 

resistant permeable pavement; b) Steel rods which were used for even 

distribution of pressure along the top surface of the mould. 

 

 

Rectangular rods 
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Fig. 6.9. Dry-pressed high-strength clogging resistant permeable pavement 

(CRP) of 300 × 300 × 80 mm. 
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6.6. Conclusions 

In this chapter, several potential methods for large-scale on-site 

delivery of high-strength clogging resistant permeable pavement (CRP) were 

presented and discussed: 

a) One approach relied on the use of a grid of solid channels which was 

filled with self-compacting mortar. The grid was then dissolved 

leaving vertical pore channels in the hardened mortar. The challenge 

was to engineer the grid in such a way that it retained sufficient initial 

strength and rigidity, yet can be easily and fully dissolved. There is 

also a need to ensure that the process does not cause groundwater 

contamination or clogging of the aggregate sub-base layer.  

b) Another approach consisted of a grid of protruding rigid pins, where 

each pin was fitted with a plastic tube that was cast into self-

compacting mortar. The pins should be pushed into the aggregate sub-

base to avoid blockage of the tubes with self-compacting mortar. The 

grid was then lifted and reused, leaving behind the embedded tubes to 

form vertical channels. This method can be scaled up to lift large 

grids. It was also proposed that these grids would interlock and stack 

vertically enabling a large number to be transported and positioned on 

site.  

c) The third approach, which is a variation of the method described in 

(a) above, involved placing a grid of vertical hollow tubes directly on 

the aggregate sub-base layer. Self-compacting mortar was then poured 

over the grid to the required pavement thickness and the grid was 

buried permanently in the hardened mortar. The advantage of this 

method was its simplicity and scalability. The flexible membrane 

supporting the tubes prevented clogging of the sub-base layer with 

self-compacting mortar. Once the mortar has set, any protruding tubes 



  

 
   

173 

can be cut down flush to the mortar surface using a hot wire device. 

This process will be very quick, and easy to perform whilst resulting 

in a smooth surface finish. 

d) Small dry-pressed cylindrical samples were initially prepared and 

tested. Experimental variables included w/c ratio (0.28 to 0.5), a/c 

ratio (3:1 to 6:1) and hydraulic pressure (9 and 18 MPa). It was found 

that the the compressive strength and density of the dry-pressed 

mortar mixes are dependent on both age and applied pressure. The 

pre-cast delivery method involved creating dry-pressed high-strength 

clogging resistant permeable pavement (CRP) tiles of 300 × 300 × 80 

mm. CRP tiles were prepared, with the optimum w/c ratio of 0.4 and 

a/c ratio of 3:1, by applying 12 MPa of pressure using a hydraulic 

press, leaving vertical pore channels in the hardened mortar. This 

method resulted in a solid, cohesive unit. 

 

There is more work to be done in terms of testing and evaluating all 

of these methods, however it would be valid to say that they offer a credible 

series of options for potential in-situ and pre-cast delivery of CRPs on a large 

scale.  
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Chapter 7  

Thesis summary including main 

conclusions 

 

Permeable concrete is widely regarded as an important cost effective 

sustainable urban drainage system that is used to reduce the potential for local 

flooding in urban areas, as it allows water to flow through normally 

impermeable infrastructure. Unfortunately, permeable concrete often exhibits 

a reduction in permeability over time due to clogging by particulate matter. 

Clogging is caused by build-up of debris on the surface and in the pore 

structure. Addressing the clogging problem will substantially improve the 

durability of permeable concrete and optimise its application as a sustainable 

urban drainage system. Research has focused on different methods to restore 

the permeability of permeable concrete. However, the economic and practical 

viability of the current maintenance methods used are questionable.  

The aim of this thesis was to improve the overall understanding of 

clogging as a process and the effects this has on permeable concrete and to 

develop a new permeable concrete system which is more durable, less prone 

to clogging and does not require frequent maintenance. It was also important 

to develop methods to characterize clogging potential as a performance 

indicator and/or for use in predictive modeling. 

The permeability of a range of porous materials was tested and this 

included packed glass spheres, packed gravel aggregates, laboratory prepared 
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permeable concrete and commercially available permeable concretes. Packed 

glass spheres and gravel aggregates were tested as data from simple model 

systems can help support, validate and enhance our understanding of actual 

permeable concretes. The experimental variables included particle size (1.25 

to 14 mm), effective porosity (7 to 36%), hydraulic gradient (0.33 to 5) and 

clogging method. The initial unclogged permeability ranged from 0.1-1.7 

cm/s for permeable concretes, and from 0.3 to 3.5 cm/s for packed glass 

spheres and aggregates. Permeability increased exponentially with increase 

in porosity. A relationship between permeability and porosity based on the 

Kozeny-Carman equation was proposed which could be used as a simple 

guide for designers to estimate the initial permeability of permeable concretes 

from the measured porosity. Moreover, the flow regime in permeable 

concrete was found to be mainly transitional rather than laminar irrespective 

of the hydraulic gradient (0.33 to 5) tested. The compressive strength of 

permeable concretes ranged from 6 to 32 MPa and was inversely proportional 

to porosity. Compressive strength, on average, decreased by about 4% for 

every 1% increase in porosity.  

There are no standard clogging methods to evaluate the long-term 

performance of permeable concretes under conditions that mimic natural 

exposure environments where clogging occurs. Hence, new laboratory tests 

were developed in order to study the deposition of fine particles in permeable 

concrete whilst determining its clogging potential. The test methods involved 

applying solutions containing sand and clay in a series of clogging cycles that 

significantly reduce the flow-rate of solutions through the permeable concrete 

sample. All samples experienced reduction in permeability and samples with 

less porosity showed more rapid clogging. Significant permeability 

reductions were observed in all samples, particularly when simultaneously 

exposed to sand and clay. This is because flocculated clay adhered to the 

surface of sand particles and this caused increased clogging. Complete 
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clogging occurred at different cycles depending on the sample porosity and 

the clogging method.  

Three methods were used to define clogging potential: the ratio of 

permeability drop to initial permeability (∆k/ki); the number of cycles to 

reduce permeability to half the initial value (i.e. half-life), and the number of 

cycles required for full clogging. All samples showed strong linear 

correlations between ∆k/ki, half-life and number of cycles to full clogging 

suggesting that the correlation can be used as a basis for characterizing the 

clogging potential. The proposed methods could be further developed to 

enable service life modelling of permeable concrete pavements. 

The problem which led to clogging in existing permeable concretes 

was the pore network that was highly tortuous, with variable cross-section 

and random interconnectivity. Particles moving in pores that are more 

tortuous and heterogeneous would experience greater probability of retaining 

and accumulating within narrow constrictions. Therefore, a new type of 

permeable concrete was developed that can be poured on-site forming a low 

tortuosity microstructure. This innovative system, high-strength clogging 

resistant permeable pavement (CRP), is not only capable of retaining 

sufficient porosity and permeability for storm-water to infiltrate throughout 

the service-life but also is more resistant to clogging which means it will not 

require frequent maintenance. Furthermore, it had high compressive strength 

utilizing permeable concrete in heavy loading application.  

The compressive strength of CRP varied from a low of 19 to a high of 

59 MPa compared to 6 to 32 MPa for conventional PC. At equivalent 

porosity, the compressive strength of CRP was about twice that of 

conventional PC attributed to the higher cement paste content, the specific 

porosity distribution and the lack of coarse aggregate in CRP.  
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The initial unclogged permeability of CRP ranged from 0.6 to 11.9 

cm/s compared to 0.1 to 1.7 cm/s for conventional PC. At equivalent porosity, 

the permeability of CRP was about an order of magnitude greater than 

conventional PC attributed to the homogenous and low tortuosity pore 

structure of CRP. Furthermore, a simple method that combined Darcy’s law 

and Bernoulli’s equation was used to estimate the permeability of CPR 

suggesting that the permeability of CPR can be modelled from the pore 

structure.  

This research has, for the first time, demonstrated that CRP can be 

engineered with low porosity (5%) to achieve high compressive strength (> 

50 MPa) and high permeability (> 2 cm/s), and not clog despite extensive 

cyclic exposure to flow containing sand and clay. In practical terms this will 

make permeable concrete more efficient, resilient, cost effective and has the 

potential to bring about a paradigm shift in terms of how CRP may be utilised. 

Additionally, several potential methods for large-scale delivery of CRP were 

trialed in a laboratory setting, each of these will require a degree of further 

evaluation and testing prior to commercial use. It is anticipated that the 

innovations from this research will enable the wider deployment of CRP in a 

range of different projects and settings for which it would not previously have 

been considered suitable. This will greatly enhance the ability of engineers 

and urban planners to mitigate against urban flooding and in the long term 

will allow the design and deployment of a new generation of flood resistant 

infrastructure.   
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Chapter 8  

Recommendations for further research 

 

8.1. Permeable concrete pavement 

This thesis has identified several unresolved issues concerning the 

performance of permeable concrete that need further investigation in order to 

optimize application. Despite significant recent advances in this area, a better 

understanding of how mix constituents and proportioning, and construction 

techniques (placement, compaction, curing) influence the properties of 

permeable concrete is still very much needed. Poor understanding of these 

fundamental issues contributes to the recurring problem of large variability in 

void structure and properties of field permeable concretes. Paste drain down 

is a major defect in permeable concrete that exacerbates degradation, but is 

difficult if not impossible to detect. This also suggests that quality control and 

quality assurance on site remains a major challenge for permeable concrete. 

Therefore, more accurate and reliable test procedures to assess and validate 

performance of permeable concrete are needed.  

There are no standard mix proportioning and compaction methods for 

permeable concrete. The aim in permeable concrete mix proportioning is to 

have permeable concrete mixtures of appropriate consistency whilst 

achieving a measured void content that is close to the design porosity. 

Although the aforementioned aim was achieved in this study through a 

developed mix proportioning method that was based on absolute volume, a 

standard mixture proportioning method must be determined to allow users to 
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allow comparison between different mixtures that are proportioned based on 

the same mix proportioning method but optimized for local materials and 

conditions. This will result in successful production of site-specific mixtures, 

improving the overall quality of permeable concrete pavements. 

Many studies have investigated the properties of permeable concrete, 

but most of these typically span several months to a few years and do not 

evaluate the whole life performance. Thus, longer term testing and 

monitoring of field permeable concretes subjected to a range of service 

environments are needed. An improved understanding of clogging, the 

decrease in permeability over time and the degradation mechanisms occurring 

in the field over longer times is required. In addition, established methods to 

evaluate and quantify clogging of permeable concrete do not currently exist. 

Development of models to predict clogging and long-term performance are 

also lacking, and is an absolutely critical area that merits more attention. Such 

activities will facilitate more accurate life-cycle analysis and the development 

of improved designs.   

The problem with current permeable concrete is that it is highly 

susceptible to clogging and periodic maintenance/cleaning is essential to 

retain function. Research has focused on different methods to restore the 

permeability of permeable concrete. However, the maintenance methods used 

are not particularly effective for clogging particles that accumulate below the 

surface. Furthermore, given that soil clogging can also reduce the freeze-thaw 

durability of permeable concrete, new improved maintenance methods that 

are more effective are needed. A better understanding of which methods are 

effective on different pavement types and service environments, and how 

frequent maintenance should be carried out, is required to optimise 

performance.   
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8.2. High-strength clogging resistant permeable pavement 

High-strength clogging resistant permeable pavement (CRP) has a 

uniform pore structure with tortuosity of 1. It has sufficient porosity and 

permeability for storm-water to infiltrate throughout the service life. 

Furthermore, CRP is more resistant to clogging, does not require frequent 

maintenance and has high compressive strength enabling it to be utilised in 

heavy loading applications. Although all of the CRP samples with porosity < 

20% satisfied the flexural strength criteria of 3.5 MPa before opening to 

traffic, flexural strength of CRP could be further improved by reducing the 

water/cement (w/c) ratio, increasing the sand/ cement ratio and incorporating 

supplementary cementitious materials (SCMs) especially silica fume. 

Reduction in w/c ratio coupled with use of an appropriate superplasticiser 

content results in a workable mix with increased flexural strength. Similarly, 

incorporating silica fume in self-compacting mortar whilst reducing w/c ratio 

leads to reduced porosity in both cement matrix and the interfacial transition 

zone, thereby increasing strength. Increasing sand/ cement ratio influences 

the pore structure of mortar such that pores become finer with sand addition, 

and hence resulting in greater strength. Addition of carbon fibres can also 

significantly increase the flexural strength of CRP.  

The surface of the CRP prisms of specifically high porosity, with 

greater number and diameter of vertical tubes, can be further improved by 

capping them prior to flexural strength testing to enhance the contact between 

the loading rollers and the surface of the specimen. Although it is believed 

that the flexural strength results were accurate and not affected by the above, 

as in all cases a flat surface was achieved through the use of a hot wire in 

cutting the vertical tubes, capping of the CRP prisms with neat cement paste 

may result in smoother surface and hence more accurate results. 
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The focus of permeable concrete durability has primarily been its 

resistance to degradation during freeze-thaw cycles. Hence, the potential for 

freeze-thaw and other durability related distresses for both conventional 

permeable concrete (PC) and high-strength clogging resistant permeable 

pavement (CRP) must be investigated. Laboratory and field research should 

be conducted to examine the resistance of PC and CRP to degradation during 

freeze-thaw cycles under different soil clogging and water saturation 

conditions. Since permeable concrete (both conventional PC and CRP) is 

designed to infiltrate water, the cement paste can become critically saturated, 

due to presence of external moisture, which may result in alkali-silica reaction 

(ASR). Therefore, the potential for ASR, in which the highly alkaline cement 

paste reacts with the reactive silica present in aggregates to form a gel that 

can absorb moisture and swell, must be evaluated. ASR can be minimised or 

prevented by using non-reactive aggregates or by adding supplementary 

cementitious materials (SCMs) to the mix. Therefore, the potential for 

distresses related to ASR must be investigated in all permeable concrete 

mixes to determine if a reactivity criteria should be established for aggregates 

used in permeable concrete.   

High-strength clogging resistant permeable pavement (CRP) will 

contribute significantly towards sustainable urbanisation and flood 

protection. The research challenge is to develop ways by which CRP can be 

poured on-site to form a low tortuosity pore structure, without reducing the 

mechanical properties of the concrete. Several potential methods for large-

scale on-site delivery of CRP are presented and discussed in this thesis, 

however, more work needs to be done in terms of testing and evaluating all 

of these methods. This includes incorporating different in-situ delivery 

methods on site and investigating the feasibility of each approach in 

delivering CRP in a large-scale setting. Alternatively, the mesh and plastic 

tubes can be made from a biodegradable material (e.g. biodegradable plastics) 
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such that they decompose under natural conditions within short period of 

time. The mesh and plastic tubes can also be made of a material that degrades 

with cement’s heat of hydration. The viability of using a rollable mesh should 

also be explored, once delivered, this could be unrolled with vertical tubes 

already in position, facilitating rapid deployment of clogging resistant 

permeable pavement on a large scale. Furthermore, dry-pressed mixes of 

varying w/c ratio, a/c ratio, applied pressure and sand gradation must be tested 

to evaluate their effect on compaction and cohesiveness of the final product. 

This enables delivery of CRP pre-cast elements of optimised mix proportions.  
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Appendices 

 

Appendix I Mixture proportioning of permeable concrete 

The mix proportioning of permeable concrete differs from that of 

conventional concrete. The void content of a permeable concrete mixture 

depends on the characteristics of the mix compositions, the mix proportioning 

method as well as the extent of compaction. The aim in permeable concrete 

mix design is to achieve a measured void content that is not only close to the 

design porosity, but will also allow for water percolation whilst achieving the 

required strength. For permeable concrete mixtures it is very important to 

verify, through preparing and testing of trial batches, that the laboratory 

prepared sample achieves the targeted characteristics calculated through an 

appropriate mixture proportioning method. Furthermore, permeable concrete 

mixes must achieve an optimum paste of appropriate consistency such that 

the mixture is not too dry to prevent placement, nor too wet to result in paste 

drain down (as previously detailed in Sections 2.2.1 and 4.3.2). 

In this study, permeable concrete samples were proportioned using a 

developed mix proportioning method based on absolute volume. In absolute 

volume method, the volume of a compacted sample must be equal to the sum 

of the volumes of all ingredients. The first step was to consider aggregate 

properties. Thames Valley siliceous gravel aggregate from the UK (1.25 to 

14 mm) was used as coarse aggregate whilst fine aggregate was not present. 

The specific gravity and 24-h absorption of coarse aggregates were 

determined in accordance with ASTM C127-15 and was found to be 2.51 and 

1.76% respectively. The required paste volume (PV) was then calculated by 



  

 
   

201 

deducting the design porosity (DP) from the aggregate porosity (AP) and the 

compaction index (CI) as per Eq. I.1 below: 

PV (%) = AP (%) + CI (%) − DP (%)                 (I.1) 

The aggregate porosity was determined by performing trials on 

packed Thames Valley gravel by varying the compaction time and measuring 

the resulting void content (Fig. 3.2, Section 3.1.4). The aggregate porosity for 

gravel aggregate of 1.25 to 14 mm in size was found to be 32%. In the 

experimental results with the laboratory trial batches, it was found that a 

compaction index of 5% resulted in measured porosity that was close to the 

design porosity. Hence compaction index of 5% was used in mix 

proportioning of all laboratory prepared permeable concrete samples. The 

design porosity varied between 20-35%.  

According to NRMCA (2009), lower w/c ratio of 0.27-0.3 must be 

used when water-reducing admixtures are incorporated and in the absence of 

water-reducing admixtures, a w/c ratio between 0.31 and 0.36 should be used. 

In this study, all laboratory prepared permeable concrete samples had w/c 

ratio of 0.35.  

The cement and water contents were calculated from paste volume 

and w/c ratio whilst the aggregate content was calculated from design 

porosity and paste volume. 

As previously detailed in Sections 3.1.3 and 4.3.2, two mixes showed 

“paste drain down” and hence a viscosity-modifying admixture (VMA) 

(MasterMatrix SDC 100 with solid content of 1.75% and specific gravity of 

1.01) which complied with BS EN 934-2:2009+A1:2012 was used in those 

mixes. However, admixture volumes and weights were assumed to be 

negligible for mixture proportion calculations.  
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For batch quantities, the mix proportions were modified by 

considering the amount of mix water that was absorbed by the aggregates in 

the fresh state. The aggregate absorption of 1.76% was added to the water 

needed to achieve the target free w/c ratio. The mix water was also corrected 

for additional water brought in by any admixtures (VMA) used. 
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Appendix II Mean, standard deviation and standard error 

calculations 

Sample mean (�̅�) is defined as the average of n observations from the 

sample. Consider, x1, x2, ..., xn be n observations in the sample. Then, the 

sample mean is defined as the sum of observations divided by number of 

observations in the sample: 

�̅� =  
𝑥1 + 𝑥2 +⋯+ 𝑥𝑛 

𝑛
=  

∑ 𝑥𝑖
𝑛
𝑖=1

𝑛
           (II.1) 

Where �̅� is the sample mean, x𝑖 denotes the replicate measurements and n is 

the sample size (the number of replicates). 

The sample standard deviation (s) is a measure of distribution width 

and denotes the spread of the measured data (Eq. II.2). The mean and standard 

deviation are basic tools in statistics for quantifying the location (mean) and 

dispersion (standard deviation) of a population of values (Bland, 1996).  

𝑠 =  √ 
 ∑  (𝑥𝑖− �̅�)2

𝑛−1
            (II.2)

  

The standard error (S.E.) is estimated from the sample standard 

deviation (Eq. II.3) and is used to obtain an idea of the spread of the data and 

its reliability. 

𝑆. 𝐸. =  
𝑠

√𝑛
                         (II.3) 
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Appendix III Clogging in all permeable concrete (PC-Lab 

and PC-Com) samples of different porosity  

A. Deposition pattern of clogging particles on laboratory prepared 

permeable concrete samples (PC-Lab) of different porosity: a) 

flocculated clay adhered to the surface of sand particles; b) top of 

the sample showing accumulation of sand and clay; c) bottom of 

the sample showing no particle infiltration. 

 

(1) 11% P PC-Lab 

 

  

 

 

 

 

 

 

 

 

 

(b) 

(a) (c) 



  

 
   

205 

(2) 19% P PC-Lab  
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(3) 25% P PC-Lab 
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(4) 26% P PC-Lab 
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(5) 26% P* PC-Lab 
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(6) 30% P PC-Lab 
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B. Deposition pattern of clogging particles on commercially 

available permeable concrete samples (PC-Com) of different 

porosity: a) flocculated clay adhered to the surface of sand 

particles; b) top of the sample showing accumulation of sand and 

clay; c) bottom of the sample showing no particle infiltration. 

 

(1) 16% P PC-Com 
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(2) 21% P PC-Com 
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(3) 26% P PC-Com 
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(4) 32% P PC-Com 
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Appendix IV Clogging in high-strength clogging resistant 

permeable pavement (CRP) samples of different porosity  

A. Deposition of clogging particles on CRP: a, b) low porosity 
samples (≤ 4%) show flocculated clay adhering on to surface of 
sand particles; c) sediment accumulation on samples with small 
pores (3 mm). 

 
 
 
 

(a) 2% P (21 × 3 mm) CRP 
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(b) 4% P (42 × 3 mm) CRP 
 

 
 
 
 

(c) 8% P (84 × 3 mm) CRP 
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B. Deposition of clogging particles on CRP: d-k) no blockage in 
samples with large pore diameters (5 or 6 mm); f-k) high porosity 
samples (≥ 8%) show little accumulation of sand or clay. 

 
 
 
 

(d) 4% P* (11 × 6 mm) CRP 
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(e) 5% P (21 × 5 mm) CRP 
 

 
 
 
 

(f) 8% P* (21 × 6 mm) CRP 
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(g) 11% P (42 × 5 mm) CRP 
 

 
 
 
 

(h) 15% P (42 × 6 mm) CRP 
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(i) 21% P (84 × 5 mm) CRP 
 

 
 
 
 

(k) 30% P (84 × 6 mm) CRP 
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Appendix V High-strength clogging resistant permeable 

pavement (CRP) prisms of different porosity used in flexural 

strength testing 
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(2) 8% P CRP 

 

 

 

 

(3) 11% P CRP 
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(4) 15% P CRP 

 

 

 

 

(5) 21% P CRP 
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(6) 30% P CRP 
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