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Strength and microstructure 
properties of solidified 
sewage sludge with two types 
of cement‑based binders
Yijun Chen1,3,4,5*, Xingxing He1,2*, Shaohua Zhang5, Xun Tan1,2 & Yong Wan1,3,4

Solidification treatment with cementitious binder is an effective way to reduce environmental hazards 
of sewage sludge. Two cementitious binders, i.e., ordinary Portland cement (OPC) and sulfo‑aluminate 
cement (SAC), were compared in this study to treat the sewage sludge. The strength of solidified 
sewage sludge (SSS) and changes in microscopic characteristics before and after treatment were 
analyzed through microscopic analysis methods. The effect of organic matter in sludge on the strength 
of SSS were also discussed. The results showed that the strength of SSS were lower than that of the 
solidified clay with no organic matter, and the filtrate extracted from the sludge can also weaken the 
cementation of the two cements significantly. The solidification effect of the OPC on the sludge was 
lower than that of the SAC evidently. The organic matter in the sewage sludge caused the surface of 
the soil particles to carry a large negative potential, which interfered with the hydration of the binder 
and reduced the amount of cementation skeleton formed by the binder hydration products. This 
resulted in a porous structure with low mechanical strength. The amount of early hydration product 
formed in the SAC‑based solidified samples was higher than that of the OPC‑based samples. This was 
favorable for filling the pores of the solidified samples and increasing their density. SAC had a better 
compatibility with soft soil containing high organic matter than OPC, and the which provides an 
effective alternative binder for dealing with sewage sludge.

Sewage sludge (SS) produced by water treatment plants tends to be characterized by high water content and 
high organic matter, showing the characteristics of easy flow and poor engineering  strength1–3. In addition, 
some SS may also contain toxic and hazardous pollutants including microorganism, pathogen and heavy metals 
that may pollute the  environment4. The safe disposal of SS has become an important issue affecting sustainable 
environmental  management5–9. As an effective method, the solidification/stabilization treatment by mixing into 
a binder is widely used in the world to realize the resource utilization of  SS10–12.

After adding the binder, the solidified waste can undergo a series of physicochemical reactions, which can 
stabilize the incorporated toxic substances and improve the mechanical property of SS  simultaneously12–16. Then 
the physical and chemical properties of the SSS meet the requirements for disposal in a landfill or use in engi-
neering applications, such as for bricks, subgrade and landfill  cover11,17–21.  Lim15 reported that the unconfined 
strength of the solidified sludge by fly ash and loess satisfied the criteria for construction materials, which was 
above 100 kPa. De Figueiredo et al.19 concluded that the sewage sludge added to soil and then solidified by lime 
can be used effectively as the base materials for roads and back filling. However, the selection of binder types 
and mixing ratios are the key factor to solidification effect.

The previous studies mainly used the OPC-based binder to treat soft  soil12,16, but for the SS, the solidified 
effect is often poor due to the influence of organic  matter22. That’s because the organic matter may interfere with 
the hydration and cementation process of binder, which can affect the overall solidification and subsequent 
 disposal23–27. Since both the solid and pore fluid of SS are rich in organic matter, including protein, fat, and 
 humus28, the influence mechanism of them on the solidification of SS is very complicated and is still under 
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research. The sulfo-aluminate cement (SAC), as a common type of cement, has the characteristics of fast hard-
ening, high strength and stable performance, and is widely used in some special  projects29. Studies have shown 
that SAC can stabilize toxic and harmful substances  well30,31. However, the effectiveness and mechanism of SAC 
treating SS with high organic matter are not well understood. Moreover, the components of SS, including clay, 
organic matter, and water, all may be the important factors influencing the engineering properties of SSS, few 
studies have discussed the effect of these components of sludge on the treatment, which will be considered and 
further researched in this study.

In this work, the solidification effect for SS with two types of cement-based binders (OPC and SAC) were 
compared. To study the effect of organic matter in sludge solids and in pore fluid on its solidification treatment, 
respectively, clay slurry obtained from SS, raw SS, filtrate of SS, and distilled water were used as the substrates 
for different solidification treatments. The unconfined compression strength of solidified samples by time were 
investigated. To reveal the solidification mechanism of SS with different organic matter content and different 
types of cement, a number of microscopic tests, including the zeta potential, X-ray diffraction (XRD), mercury 
intrusion porosimetry (MIP) and scanning electron microscopy analysis (SEM) were performed on the solidified 
samples. The flow chart of this study is shown in Fig. 1.

Materials and methods
Materials. The binders used in this study were type 42.5 OPC produced by Huaxin Cement Co., Ltd. and 
type 42.5 SAC produced by Dengdian Cement Group Co., Ltd. SS samples with an initial water content of 80% 
were taken from Hanxi Sewage Treatment Plant, Wuhan, China. After drying and breaking part of the sludge, 
put it in a furnace and burn it at 440 °C for 6 h, then the clay without organic matter can be obtained. Adding 
a certain amount of distilled water to the clay to prepare a clay slurry with a water content of 80% (as a mass 
ratio of water to the total clay slurry). The basic geotechnical properties of SS and clay are given in Table 1. The 

Figure 1.  The flow chart of this study.

Table 1.  Index properties of sewage sludge and clay.

Physical index Sewage sludge Clay Test standard

Nature water content, % 80.1 – ASTM (2007)32

Specific gravity 2.55 2.67 ASTM (2014)33

Liquid limit (ωL), % 281.3 82.4 GB/T (2019)34

Plastic limit (ωP), % 78.2 46.3 GB/T (2019)34

Plastic index (IP) 203.1 36.1

Clay fraction, % 1.06 10.26

Silt fraction, % 63.49 78.89

Sand fraction, % 35.45 10.85

Diameter at 60%, μm 64.61 13.94

Organic content (ignition loss), % 41.58 0 ASTM (2007)32

pH value 7.53 7.85 ASTM (2013)35

Unified soil classification system CH CH ASTM (2017)36
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particle size distribution of raw SS and clay slurry were shown as Fig. 2, it can be found that the particles size of 
SS decrease obviously after removing organic matter. The XRD patterns of clay and SS are shown in Fig. 3. The 
filtrate (F) used in this study was obtained from the raw SS by a centrifuge method with velocities of 6000 rpm, 
and the total organic carbon (TOC) of filtrate was 1186 mg/L detected by a Multi N/C 2100 TOC analyzer (Ana-
lytik Jena, DE). As listed in Table 2, the elemental compositions of SS and the two types of cement are detected 
by X-ray fluorescence test.

Methods. Unconfined compressive strength. The solidified samples containing cement of OPC and SAC 
were numbered as OPC-X and SAC-X, respectively, as denoted in Table 3. All samples were composed of binder 
and water at a mass ratio of 1:1. The mixtures were stirred slowly by hand for 2 min, and then quickly in a cement 
mortar mixer for 5 min. The slurry mixture was filled to six forming molds (φ50 × 100 mm), and then cured in a 
curing chamber with temperature of 20 °C and 90% relative humidity for 24 h before demolding. The demolded 
samples were then further cured for some days and then the unconfined compressive strength was determined 
in accordance the standard ASTM (2016)37.

Microstructure. To investigate the effect of the two binders on the surface potential of the sludge and common 
clay particles, the zeta potentials of dilute suspensions were measured, which was mixed and ultrasonicated for 
5 min, and then standing for 5 min (the solutions had a water–solids ratio of 500:1 by weight) by means of a laser, 
Malvin NanoZS90, made in UK with 15 V loading. In the test process, the number of measurements was set to 
10, and samples were tested at 20 ℃. To investigate the solidification mechanism of the cement-based binders, 
some small solidified blocks (20 mm × 20 mm × 20 mm) were also made for the MIP and SEM tests.

The test specimens were cured for 3, 7, 14, and 28 days and then crushed to determine the solidification 
reaction. The hydration of solidified samples was stopped using absolute ethanol, and the samples were dried 
under vacuum (less than 85 kPa) at – 40 ℃, then ground and screened. Pellets of less than 5 mm in diameter 
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Figure 2.  Particle size distribution of sewage sludge and clay.

Figure 3.  XRD patterns of the clay and sewage sludge.
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were selected for the MIP and SEM tests. MIP was performed using a PoreMaster 60GT (Quantachrome Instru-
ments) by applying pressures from 0 to 28,850 psi (199 MPa). The instrument was capable of measuring pore 
size diameters down to 7 nm. The SEM tests were conducted using a JSM-6510 (Japan Electronics Company). 
Powders with sizes of less than 45 μm were used for XRD analysis with a scan range of 5°–70° and a scan rate 
of 10°/min. The XRD analyses were performed using a diffractometer, Smart Lab 3 kW, in a θ–θ configuration 
with Cu Kα radiation (λ = 1.5406 nm).

Results and discussion
Unconfined compressive strength. Figure 4 shows the unconfined compressive strength of SAC-based 
and OPC-based solidified samples cured for 3, 7, 14, and 28 days. The compressive strength of each solidified 
sample generally increases with the curing time, and the strength varies for different types of soil. Compared 
with the blank samples (prepared with binder and distilled water), the raw SS has the most obvious weakening 
effect on the strength of solidified body than the clay and filtrate. By comparing the strength of SAC-S with 
OPC-S and SAC-F with OPC-F, respectively, it can be found that SAC is significantly higher than OPC for solidi-
fying organic-rich substrates. The strength increases of SAC-based solidified samples mainly occurred in the 
first 7 days of curing, and for SAC-S samples, the strength at 7 days of curing has already reached its maximum 
value. But for the OPC-based solidified samples other than OPC-S, the strength has been increasing during the 
first 28 days of curing. At 7 days of curing, the strength of solidified SS with SAC was about 15 times that of SS 
solidified with OPC, and the solidified filtrate with SAC was about 3 times stronger than OPC.

Due to the large amount of organic matter contained in the filtrate, the strength of both OPC-F and SAC-F 
samples was significantly lower than that of the blank sample. Removing the organic matter from SS, the strength 
of the solidified clay by both types of cement would be greatly increased. Therefore, we can conclude that the 
organic matter in both the solids and filtrate of SS will reduce the solidification effect. After 28 days of curing, the 
strength of SAC-C is about 2 times that of SAC-S, and the strength of OPC-C can reach 20 times that of OPC-S. 
The strength of OPC-C and SAC-C samples was approximately the same at 28 days of curing, about 8.5 MPa. 
Thus, it can be easily obtained that SAC can effectively overcome the weakening effect of the organic matter and 
improve the strength of solidified SS, which may be related to the rapid cementation property of SAC.

Table 2.  Elemental composition of raw materials. N.D. Not detected.

Element Sludge (wt%) OPC (wt%) SAC (wt%)

Mg 3.20 8.16 2.11

Al 14.36 5.03 14.34

Si 39.35 18.72 6.91

P 4.85 N.D 0.90

S 7.17 2.35 9.96

K 3.54 0.96 1.12

Ca 10.80 60.86 61.74

Ti 1.09 0.26 0.73

Cr N.D N.D N.D

Mn 0.28 0.41 N.D

Fe 13.96 3.26 2.21

Cu 0.18 N.D N.D

Zn 1.245 N.D N.D

Table 3.  Mix proportions of samples by weight. a This mass ratio ensures the water–cement ratio of these 
samples is 1:1.

Samples Ordinary Portland cement Sulfo-aluminate cement Distilled water Clay Sludge Filtrate of sludge

OPC-W 1 0 1 0 0 0

OPC-C 0.8a 0 0 1 0 0

OPC-S 0.8a 0 0 0 1 0

OPC-F 1 0 0 0 0 1

SAC-W 0 1 1 0 0 0

SAC-C 0 0.8a 0 1 0 0

SAC-S 0 0.8a 0 0 1 0

SAC-F 0 1 0 0 0 1
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Zeta (ζ) potential analysis. According to the principles of colloid and interface science, the zeta potential 
of a colloid can reverse its overall stability. When the absolute value of the zeta potential (ζ) is small, the colloid is 
less stable and can condense  quickly38. Therefore, ζ is an important factor reflects the binder reaction, this reac-
tion in turn determines the early and late strength of the solidified samples. When suspensions in only water are 
considered, differences in the sign and magnitude of ζ are directly linked to the electrostatic charges existing on 
the surface of the SS particles.

Table 4 lists the ζ potential of the sludge, binders, and their solidified mixtures. The ζ potentials of clay, SS, 
SAC, and OPC are all negative. The ζ potential of SS is the smallest (− 16.2 mV) followed by the clay (− 11.8 mV). 
The ζ potential of SAC is − 4.4 mV, while that of OPC is − 0.2 mV. Adding cement to the clay, SS, and filtrate, the 
ζ potential of mixtures will reduce. The ζ potential of filtrate with cement binders is between those of SS and 
clay. This indicates that the electrical charge of the soil changes with the addition of cement binders, and organic 
matter has a greater influence on the electrostatic charges of solidified soils.

XRD analysis. Figure 5 shows the XRD patterns for the clay, SS, and filtrate solidified with SAC and cured 
for 3 and 28 days. The crystalline phases in each sample are similar. Newly formed crystals of ettringite (AFt) 
are present in each solidified sample at 3 and 28 days, as well as incompletely reacted SAC clinker, gypsum, and 
calcium carbonate from the binders. Compared to the blank sample, large amounts of quartz and clay minerals, 
which were introduced from the soil, are present in the solidified clay, SS, and filtrate samples.

Figure 6 shows the diffraction intensity of the first diffraction peak of ettringite in different samples cured 
for 3 and 28 days. The diffraction intensity of AFt in each sample is enhanced as the curing time increases 
(Fig. 3). At 3 days, the diffraction intensity of Aft differs for samples with different compositions. The AFt content 
the samples can be ranked as follows: SAC-S > SAC-C > SAC-F > SAC-W. The content of AFt in the solidified 
sample is greater than that in the blank sample, indicating that both clay and sludge promoted early reaction 
with the binder. At 28 days, the AFt content in the three types of solidified bodies is in the following order: 
SAC-W > SAC-C > SAC-S > SAC-F. Compared to the blank samples, the proportion of binder added in the three 
solidified samples is 80%. However, the AFt content of the three solidified samples is 94–99% that of the blank 
sample. These data indicate that the soil particles in the sludge promoted and participated in the reaction with 
the SAC binder.

Figure 7 shows the XRD patterns for clay and SS samples solidified with OPC and cured for 3 and 28 days. 
The phases present in the three solidified samples are similar. Newly formed ettringite, portlandite (CH), and 
mono-calcium aluminate crystals (Mc) are observed at 3 and 28 days. Moreover, clinkers such as  C4AF,  C2S, 
 C3S, and calcium carbonate, which have not fully reacted with the soil, are also present. Substantial amounts of 
quartz are introduced from the soil in all three samples.

Figure 8 shows the diffraction intensity of the first diffraction peak of portlandite (CH) at 3 and 28 days in 
OPC-based samples with different compositions. The diffraction intensities of CH in the three solidified samples 
increase with increasing curing time. At 3 days, the diffraction intensity of CH differs slightly in the solidified 

Figure 4.  Compressive strength of the solidified cement-based samples at different curing ages.

Table 4.  Zeta potentials of raw materials before and after mixing with cementitious binder.

Composition Clay SS SAC OPC SAC-C SAC-S SAC-F OPC-C OPC-S OPC-F

ζ potential (mV) − 11.8 − 16.2 − 4.4 − 0.2 − 7.8 − 10.5 − 6.3 − 7.1 − 11.4 − 6.8
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samples. The diffraction intensity of CH in the blank sample is 900, which exceeds that of the other samples. 
Compared to the blank sample, the proportion of added binder in the three solidified samples is 80%. The dif-
fraction intensity of CH in the solidified sludge is the lowest (172) and is less than 20% that of the blank. The CH 
contents of the OPC-F and OPC-C solidified samples are 75% and 66% that of the blank, respectively, indicating 
that clay and filtrate both inhibited the early reaction of the binder. At 28 days, the order of the CH content in the 
samples has changed to OPC-W > OPC-F > OPC-C > OPC-S. The CH content in the three solidified samples is 
lower than that in the blank sample; the CH content in the solidified sludge is only 42% that of the blank sample. 
These data indicate that the sludge with organic and inorganic particles inhibited the reaction of the binder.

SEM analysis. SEM images of the SAC-based solidified samples at 28 days of curing are shown in Fig. 9. 
A large amount of acicular and rod-shaped ettringite (AFt) are observed in these samples, as well as some alu-
minum hydroxide gel (AH)39,40. Hydration products such as AFt and AH are interwoven with incompletely 
reacted cement particles to form a dense structure in the blank sample, as shown in Fig. 9a. Figure 9b shows that 
in sample SAC-C, the newly formed acicular AFt and AH gel encapsulate the clay particles, forming a distinct 
interface transition zone. The ettringite and gel do not completely encapsulate the clay particles, and thus the 
sample contains a small number of pores. Compared to the sample in Fig. 9a, the SAC-C sample has a reduced 
density. As shown in Fig. 9c, small amount of ettringite can be observed in the SAC-S sample. This indicates 
that the hydration reaction of SAC can be significantly weakened by the sludge, however, a large number of AH 
gels can still be found in the SAC-S sample, which can slightly improve the strength of SS. Figure 9d shows that 
a large number of larger ettringite can be formed in SAC-F samples. The clay particles and organic particles 

Figure 5.  XRD patterns of SAC-based solidified specimens.

Figure 6.  Diffraction intensity of the first diffraction peak of AFt for SAC-based solidified samples with 
different compositions at curing ages of 3 and 28 days.
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contained in the filtrate are small and fill the voids formed from the cementation of binder particles. Moreover, 
the ettringite and alumina gel can further fill these voids, generating a sample containing a small number of 
micropores.

Figure 10 shows the SEM images of the OPC-based solidified samples at 28 days of curing. A large amount 
of fibrous calcium silicate gel (C–S–H) hydration products and calcium hydroxide (CH) can be identified in the 
blank sample, as shown in Fig. 10a. These C–S–H products were interlaced with a large amount of incompletely 
reacted cement particles to form a dense structure. Figure 10b shows that a large number of C–S–H products 
were attached to the surface of the clay particles. In addition, some early C–S–H gel also formed and enveloped 
the clay particles, showing a clear interface transition zone. However, the C–S–H gel cannot completely binder 
the clay particles, thus producing some sporadic pores in the sample. Compared to Fig. 10a,b, the amount of 
hydration product of C–S–H formed in OPC-S sample is limited and the size of these products are very small 
(Fig. 10c). A small amount of hydration products cannot effectively bind the sludge particles, resulting in low 
strength of solidified SS. As Fig. 10d shown, a large amount of fibrous C–S–H products were also generated in the 
OPC-F samples, however, the size of these products is small and many are in the form of early gel. This indicates 
that the organic matter contained in the filtrate of SS can also restrain the hydration of OPC.

MIP analysis. Table 5 presents the total pore volume of each solidified sample at 28 days. The total pore 
volume of the SAC-W sample is between that of the SAC-F and SAC-C samples. The total pore volume of the 
SAC-S is the smallest of the SAC-based samples. The total pore volume of the OPC-W is slightly larger than that 
of OPC-F, but less than that of the OPC-S and OPC-C samples. The OPC-S has the largest total pore volume of 

Figure 7.  XRD patterns of OPC-based solidified samples.

Figure 8.  Diffraction intensity of the first diffraction peak of CH for OPC-based solidified samples with 
different compositions at curing ages of 3 and 28 days.
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the OPC-based samples. A comparison of the SAC- and OPC-based solidified samples shows that the total pore 
volumes of the SAC-based solidified samples are larger than that of the OPC-based samples, which is consistent 
with the SEM results. However, the total pore volume of OPC-F is smaller than that of SAC-F.

Figure 11 shows the pore size distribution of the SAC- and OPC-based solidified samples at 28 days of curing. 
Compared to the SAC-W sample, the other SAC-based solidified samples have a wider pore size distribution 
and smaller pore size (Fig. 11a). The quantity of small pores increases and the most frequent pore size decreases. 
According to the SEM images above, the AFt and alumina gel produced by the reaction of the binder altered the 
original physical structure of SS. The porosity of the sample decreases and the density increases, but the interface 
bonding is weak, which affects the mechanical strength of the solidified samples.

Figure 11b shows that the porosity of each OPC-solidified sample increases compared to that of the OPC-W 
sample. The pore size of OPC-S becomes finer, and the pore size distribution widens and skews toward smaller 
pores; however, the maximum aperture size decreases. The pores of OPC-C and OPC-F become coarser. Their 
pore size distribution widens, and the size of the largest possible aperture increases. The number of macropores 
increases in the OPC-S and OPC-C samples (Table 5). The total pore volume increases, and the mechanical 
strength of the solidified samples decreases.

Solidification mechanism of SOM with cement‑based binder. When the binder is added to SS, 
the strength of the solidified sample is essentially improved by a series of physical and chemical reactions of the 
binder, these reactions will form a skeleton in  soil26,41 and transform the SS from a soft plastic state to a solidi-
fied state. With increasing curing time, the reaction progression of the binder increases, and the strength of the 
solidified mixture gradually increases until it becomes stable. The properties of the binder and the base material 
are the major factors affecting the mechanical strength of the solidified samples. Compared to the SAC samples, 
the strength of the OPC-based samples developed slowly during the early curing stages but became faster in 

Figure 9.  SEM images of SAC-based solidified samples cured for 28 days.
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later stages. The effect of the two cements on the solidification differed for the clay, SS, and filtrate. Generally, 
the strength of the SAC-based solidified samples was greater than that of the OPC-based samples. The strength 
of SAC-S at 28 days of curing was 4.10 MPa, which is much higher than that of the OPC-S (0.46 MPa). In the 
SAC-based solidified samples, the SEM images show that the generation of ettringite and alumina gel were 
almost unaffected by the base material (Fig. 9). However, the products of the OPC-based solidified samples were 
affected by changes in the base material.

In addition to the specific hydration properties of the binder, the significant differences between the effects 
of the two binders on the solidification of clay and SS were related to the properties of the base material (parti-
cle size, surface properties of particle, and mineral phase composition)41,42. In this study, the physicochemical 
properties of the clay and SS were similar, but the difference in the organic matter content between the two was 
significant, which led to considerably different solidification effects. Organic matter can affect the solidification 
because it has surface properties that are different from the inorganic binder. The difference was mainly seen 

Figure 10.  SEM images of OPC-based solidified samples cured for 28 days.

Table 5.  Total pore volumes of cementitious solidified samples after curing for 28 days.

Sample Total pore volume (ml g−1) Sample Total pore volume (ml g−1)

SAC-W 0.44 OPC-W 0.37

SAC-C 0.41 OPC-C 0.46

SAC-S 0.40 OPC-S 0.50

SAC-F 0.46 OPC-F 0.35
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in the solidification process for the binder with SS. Soil with a high organic matter content has a large amount 
of surface negative charge (Table 4), which enhances its stability and increases the distance between the binder 
particles and SS particles. Moreover, negative electrical charges are mutually exclusive, i.e., they lower the early 
reaction rate in solidified SS. Some organic matter was adsorbed onto the surface of the binder particles. This 
resulted in a negative initial zeta potential of the solidified mixture, and affected the reaction of the binder. The 
most direct manifestation of this is that the solidified sample had less reaction product (CH) than the other 
samples (Fig. 8), then forming a porous structure and reduced density.

Based on the results of the previous test, the TOC of the sludge filtrate is very high (1186 mg/L), which indi-
cates that a large amount of organic matter in the sludge is directly dissolved in the pore solution. Considering 
the main components of sludge, it can be considered that the factors that contribute to weakening the strength 
on the solidified samples arise from three components: the clay particles (C), organic matter attached to the 
clay particles (SS), and sludge filtrate (F). By comparing the strength of the blank samples under the two types 
of binders, the degree of weakening attributed to these factors can be ordered for the SAC binder as SS > F > C. 
Meanwhile, for the OPC binder, it is SS > C > F. Therefore, it can be considered that the organic matter adsorb on 
clay is the most important factor in weakening the strength of solidified samples, and because the sludge filtrate 
contains some organic matter, it also has a certain weakening effect on the strength. Moreover, the weakening 
effect with the OPC binder is obviously stronger than that with the SAC binder.

Conclusions
The main conclusions of this study are as follows:

1. The effects of SAC and OPC on the solidification of SS were significantly different. The strength of SSS 
solidified by SAC was far greater than that of the OPC-based samples. However, the strength of solidified 
clay (without organic matter) with SAC was similar to that of the OPC-based sample at 28 days of curing. 
Therefore, SAC is better for solidifying soft soil with high organic matter.

2. The organic matter contained in both filtrate and clay can weaken the solidification effect of sewage sludge. 
Organic matter changes the soil charge and the pore size of the solidified samples, which is an essential factor 
affecting the cementation effect of cement in SS.

3. The mechanical strength of the solidified SS is closely related to its microstructure, and the denser the skel-
eton structure of the solidified sample, the higher the corresponding strength will be. The total pore volume 
contained in the higher-strength solidified samples is smaller, but the most probable pore size has a tendency 
to increase.
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