
TRANSPORTATION RESEARCH RECORD 1478 11 

Superior Microstructure of 
High-Performance Concrete for 
Long-Term Durability 

DELLA M. ROY, MICHAEL R. SILSBEE, SCOTT SABOL, AND BARRY E. SCHEETZ 

Recent advances in using calculated packing diagrams to optimize 
cement and concrete materials off er the promise of superior product 
characteristics achieved by increased packing efficiency. A high pack
ing efficiency with adequate mixing and placing techniques results in 
the formation of a fine microstructure that results in low permeability. 
The low permeability causes increased resistance to aggressive forces 
from the environment, which together enhance its long-term durability. 
The favorable interaction among physical and chemical phenomena 
gives rise to better long-term performance, whether the application is 
structural, chemical (such as in waste management), or a combination 
(as in highway concrete). 

High-performance concrete has been defined (1) as concrete in 
which some or all of the following properties have been enhanced: 

• Ease of placement and compaction, 
• Long-term mechanical properties, 
• Early-age strength, 
• Toughness, 
• Volume stability, and 
• Extended life in severe environments. 

High strength is not necessarily a criterion for high-performance 
concrete, although many high-performance concretes exhibit supe
rior mechanical properties. Three of the six criteria are concerned 
with the long-term behavior or durability of the concrete. Transport 
of fluids into or out of the pore structure of hardened concrete is the 
principal mechanism responsible for the deterioration of concrete 
(2). The transport of fluids and accompanying dissolved ionic 
species in hardened concrete may be considered in terffis of perme
ability. 

This paper focuses on high-performance cementitious materials 
designed for durability. First, some of the fundamentals of porosity 
and permeability of cementitious systems and their relation to dura
bility are examined. Then, factors that control the porosity and per
meability in concretes are discussed. Finally, the effect of packing 
on properties, such as chloride permeability, is treated. 

POROSITY AND PERMEABILITY IN HARDENED 
CEMENTITIOUS SYSTEMS 

Assuming negligible volume change on curing, the total volume of 
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a hardened portland cement paste will be the sum of the volumes of 
the anhydrous cement, water, and any entrapped air, or 

where 

V1 .= total volume, 
Vs = volume of anhydrous portland cement, 
Vi = volume of liquid (water), and · 
Va = volume of any entrapped air. 

Another way of expressing V1 is 

where 

Ws = mass of anhydrous cement, 
Ps = density of anhydrous cement, 

W1 = mass of water, and 
Pi = density of water. 

Assuming p1 = 1, then 

Each gram of anhydrous portland cement will combine chemically 
with approximately 0.25 g of water during hydration. Therefore, V, 
becomes 

V, = [l .25Ws1Ph + (W1 - 0.25Ws)] + Va 

Where Ph ~ density of the hydrated solid. 

The total volume of the pores in the hydrated cement pastes is then 

As early as 1886 (3) the effect of water content on the strength of 
hardened concrete was recognized. The volume of pores thus 
calculated represents the capillary porosity, gel porosity, and 
entrapped air. From these three sources of porosity, only the capil
lary. porosity will contribute to the fluid permeability of the hard
ened cement paste. 

Ideally, the flow through a hardened portland cement paste may 
be expressed as 

FIA = KµJ(L · AP) 
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where 

F = flow (Lisee), 
A = cross-sectional area (m2

), 

L = thickness of specimen (m), 
K = permeability coefficient (m2

), 

µ = viscosity of permeating fluid (N · sec/m2
), and 

AP = mean pressure (N/m2
). 

For a cement paste it was concluded (4,5) that it was possible to 
block the capillary porosity with cement gel if the water-to-cement 
ratio in the paste is low. The limiting water-to-cement ratio required 
to block fluid flow is a function of curing time. At a ratio of 0.7, 
times of approximately 1 year are required; at a ratio of 0.4, the time 
required for the cement gel to block the capillary pores may be only 
3 days. 

A characteristic pore size. is determined by mercury intrusion 
porosimetry was defined (6). The characteristic pore size was 
defined as the maximum on the derivative of the volume intruded 
versus pressure curve (dV/dP). A linear relationship between the log 
of the characteristic pore size and permeability was found. How
ever, the coefficient of variation for the relationship was large 
(approximately 50 percent). More recent studies (7-9) have shown 
that a log-normal distribution or mixtures of log-normal distribu
tions may be used to describe the pore structure of hardened cemen
titious materials. These studies defined a characteristic diameter 
based on the moment, <D2>, of the log-normal distribution. The 
relationship between the characteristic diameter and permeability 
was found to be (10): 

k = (f/32)p<D2> 

where 

k = permeability, 
f = fraction of connected porosity, and 
p = porosity. 

When the total porosity decreases and commonly the median pore 
size decreases, the rate-controlling mechanism for movement of 

TABLE 1 Degradation Processes 

Thermo-mechanical 
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ions through hardened cement pastes transforms from fluid flow to 
diffusion. The controlling relationship then obeys Fick's law: 

.ff . . D de rate of d1 us1on = - dx 

where D is the diffusion coefficient, and de represents a concentra
tion gradient over distance cix. 

DURABILITY 

Table 1 lists the principal mechanisms that contribute to the short
ening of the service life of hardened concretes. These degradation 
mechanisms can be classified into two categories-thermo
mechanical and chemical-although there is some interaction and 
overlapping of the two. The mechanisms highlighted in boldface 
type require a mass transport of ionic or molecular species into or 
out of the cementitious matrix. This transport occurs via movement 
through the conduits that connect the exterior of the concrete to the 
interior (that is, the system of pores). Therefore, both the total num
ber of pores and the pore size distribution are important in control
ling the performance of the concrete and hence its durability. 

The preceding section discussed the formation of porosity. To 
develop durable concrete formulations, one must address the meth
ods of modifying the total porosity and the pore size distribution by 
advanced placement procedures and proper selection of the con
stituents of the formulations based on particle size distributions and 
chemistry. 

CONTROL OF POROSITY AND PERMEABILITY 
IN CONCRETES 

Chemical Effects on Porosity and Permeability 

The use oflow water-to-solids (w-s) ratio formulations and mineral 
admixtures to increase the durability of hardened cementitious sys
tems is well documented (2,JJ-13). With the proper selection of 

Chemical 

suHate 

pressure/temperature alteration of phase stability -calcium 

freezing and thawing cycling -magnesium 

wet and dry cycling -sodium 

cracking chloride 

-- drying shrinkage carbonation 

-- metal corrosion alkali aggregate reaction 

-- stresses due to temperature changes leaching 

-- carbonation 

-- physical loading 
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reactive mineral admixtures, a fair degree of control can be exer
cised over the performance of the concrete. Figure 1 de.monstrates 
the effect of w-s, high-range water-reducing admixture (HRWRA), 
and mineral admixtures on porosity development in cementitious 
pastes. 

Ground granulated (glassy) blast-furnace slag as an ingredient of 
the cement paste that can replace significant amounts of the port
land cement has been developed and is currently a commercial 
product. The commonly accepted mechanism for hydrating slag is 
by activating the very finely ground glassy slag by portland cement 
hydration products, which results in a slow initial hydration reac
tion. Figure 2 contrasts mercury-intrusion porosimetry results 
obtained on freeze-dried specimens of an ordinary portland cement 
(OPC) paste and a 60:40 slag: OPC-blended cement paste both 
cured under identical conditions at 45°C for 14 days with a w-s of 
0.4. The data, presented as the differential dV/dP, show that the 
OPC possesses a pore distribution that centers at about 12.5 nm, the 
so-called critical pore radius. In contrast, the blended slag cement 
reveals a pore-size distribution with a very broad maximum weakly 
centered at about 3.5 nm and extending from 12.5 to 2.0 nm. Figure 
3 is a replot of these data in a cumulative pore volume form show
ing that both specimens had approximately the same total porosity 
(within about 5 to 6 percent) but distinctly different pore size dis
tributions. In this example, the reactive additional ingredient (slag) 
has the characteristic of hydrating at a much slower rate, resulting 
in a significantly reduced pore size distribution, and at the same time 
not adversely affecting the 28-day mechanical properties of the 
concrete. Any number of other materials have the potential of 
performing similarly. 

Degradation due to steel corrosion induced by chloride pene
tration is a common cause· of concrete structure failures. Many 
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FIGURE 1 Effect ofW/S (HRWRA) and 
mineral admixtures on porosity development 
in cementitious pastes (13). 
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investigations have been performed on the movement of chlorides 
through hardened cement pastes (2,6,14-19). In view of applica
tions to radioactive waste management, the movement of Cs+ and 
Cl - ions through hardened cement pastes prepared using a variety 
of w-s and various slags and mineral admixtures was studied (13). 

Typical results for the diffusion of Cl ions are summarized in Table 
2. Decreasing the w-s from 0.40 to 0.35 resulted in a decrease in the 
effective diffusion coefficient from 110 to 75.1 [(X 1013

) (m2/sec)]. 

PIH£A£NTIAL 

FIGURE 2 Comparison of mercury intrusion porosimetry results obtained on 
freeze-dried specimens of OPC and 60:40 slag (OPC blended cement both cured 
under identical conditions at 45°C for 14 days with w-s ratio of 0.4). 
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FIGURE 3 Replot of data in Figure 2 in cumulative pore volume form showing 
that both specimens had approximately same total porosity (within about 5 to 6 
percent) but distinctly different pore size distributions. 

Lower water contents result in lower total porosity and a more tor
tuous pore system. The addition of a small amount of a HRWRA 
further decreased the diffusion coefficient at the same w-s. Blast
fumace slag and silica fume proved the most effective in reducing 
the diffusion coefficient as compared with an OPC paste from 75.1 
to 9.62 to 4.35, respectively. The effectiveness of blast-furnace slag 
and silica fume was attributed to increased calcium-silica-hydrate 
(C-S-H) production resulting in a filling of the pores. In both cases, 
using an HRWRA resulted in still a further decrease in the diffusion 
coefficient. The use of a low calcium fly ash as a mineral admixture 
proved much less effective in reducing chloride diffusion. The 
lower effectiveness of the fly ash as compared with slag and silica 
fume was attributed to the lesser reactivity of the lower calcium ash. 
Other studies (14,17-19) have shown similar results. Although the 
total porosity and median pore size remain the same as compared to 

OPC at normal curing temperatures, the reduction in the diffusion 
coefficient has been attributed to an increased number of finer 
pores. High-calcium content fly ashes have generally been found to 
be more effective at reducing chloride diffusion at early ages. Fly 
ashes have been shown to be more effective at elevated tempera
tures presumably as a result of higher reaction rates leading to 
increased C-S-H production. The results suggest that with elevated 
temperature curing or after a long curing time fly ash may still be 
an effective tool for reducing chloride diffusion (16). 

Physical Effects on Porosity and Permeability 

An integral part of the porosity that occurs in cementitious systems 
is attributable to the voids created among the dry components of the 

TABLE 2 Effective Diffusion Coefficients for c1- in Water-Saturated Pastes at 
25°C on Samples Cured for 28 Days at 25°C before Testing (13) 

PASTE 
OPC 
OPC 
OPC 
OPC 
35% OPC + 65% SLAG 
35% OPC + 65% SLAG 
90% OPC + 10% SILICA FUME 
90% OPC + 10% SILICA FUME 
70% OPC + 30% FLY ASH 
70% OPC + 30% FLY ASH 

* with HRWRA addition. 

WIS 
0.40 
0.35 
0.35+SP'" 
0.30+SP 
0.35 
0.30+SP 
0.40 
0.35+SP 
0.35 
0.30+SP. 

Dc((X1013) (m2/sec) 
110 
75.1 
60 

56.9 
9.62 
8.61 
4.35 
2.9 
55.8 
43.8 
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formulation as well as the morphology of the individual compo
nents. Studies performed in Denmark (11) and the United States 
(12) demonstrated that significant improvement in mechanical 
properties of portland cement systems could be achieved using an 
approach based on the proper selection of concrete components to 
maximize space filling. The development of densified small parti
cle (DSP) cements resulted in low interconnected porosity, very 
high compressive strengths, and a variety of additional outstanding 
properties, least of which is the retention of compressive strengths 
in thermal application in excess of 600°C that is about 65 percent of 
room temperature values (20). 

A computer algorithm that has been used to help calculate 
concrete formulations with maximal density has been described 
(9,21,22). The algorithm requires as input size distributions and tap 
densities of the individual components. The size distributions for 
the fine components, such as cement, are determined using x-ray 
sedimentation techniques and for the coarse components by dry 
sieving. The tap density is determined by packing the dry compo
nent in a column with vibration. The bulk or tap density is then cal
culated based on the weight of the sample and the volume occupied 
in the column. The code is the implementation of two models 
reported in the open literature; one for large particles [Toufar model 
(23)] and one for small particles [(Aim model (24)]. 

Use of Reactive Mineral Admixtures and 
Tailored Aggregate Mixtures. 

Increasingly large numbers of concrete formulations are being 
proportioned with some form of reactive mineral admixture. Each 
component of the concrete formulation--cement, fine, and coarse 
aggregate--can in tum be optimized to ensure the densest possible 
formulation. Caution must be exercised when using this approach. 
The densest formulation may not be desirable, and its use must be 
tempered by practical knowledge of reactivity and desired physical 
properties. Figure 4 represents the use of one such packing diagram 
for blending cementitious constituents in a concrete. Table 3 sum
marizes the input data used to generate Figure 4. 

Maximum packing for this example suggests an optimal blend
ing, which is summarized in Table 4. As can be seen, the maximum 
packing density does not necessarily correspond to where one 
would normally select a cementitious blend; it contains slightly 

cement 
D' =lOµm 
cr = 0.64 

silica fume 
D' =0.lµm 

CT= 0.42 

fly ash 
D' =12µm 

cr = 0.52 

FIGURE 4 Packing diagram blend of 37.5, 19.0, and 
9.Smm size-numbered coarse aggregate with input from 
Table 5. 
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more silica fume and less fly ash than desirable from the standpoint 
of chemistry and rheology. Figure 5 is a comparable packing dia
gram blend of 37.5 mm, 19.0 mm, and 9.5 mm size-numbered 
coarse aggregate with input from Table 5. 

ASTM C 33-Standard Specification 
for Concrete Aggregates 

Using the dry packing model allows for a critical evaluation of the 
existing size-number designation grading requirements. It also 
facilitates analysis of the effects of those gradings. on subsequent 
dependent specifications, such as ACI 211.11. This analysis should 
enhance the quality control in the production of high-performance 
concrete. 

Analysis of the grading requirements for coarse aggregates con
tained in Table 2 of ASTM C 33 (Figure 6) was carried out in the 

TABLE 3 Input Data for Packing Calculation of Cementitious Components 

silica fume 0.1 
cement 10 
fl ash 12 
* determined from the 050 value. 

characteristic size 
m 

0.42 
0.64 
0.52 

TABLE 4 Optimal Packing for Cementitious Components 

density 
M m3 

volume percent 

silica fume 2.1 22 
cement 3.1 72 
fl ash 2.35 6 

tap density 

mass percent 

16 
79 
5 
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medium 
D' = 12.7mm 

a= 0.56 

fine -
D' = 6.35mm 

a =0.57 

coarse 
D' = 25.4mrn 

O' = 0.57 

FIGURE 5 Use of packing diagram for blending of 
cernentitious constituents in concrete. Table 3 summarizes 
input data used to generate this figure. 

following manner. For each size-number designation, five different 
combinations of the size fractions were developed. One combina
tion emphasized the largest allowable aggregate sizes for a size
number. The second combination emphasized the aggregate size in 
the middle-size ranges for the same specified size-number. A third 
combination consisted of the highest percentage allowable for the 
smallest aggregate in the size-number designation, with minimum 
of medium- or large-sized aggregate. The fourth combination 
resulted from combining of the largest and the smallest size
number fractions, but minimizing the percentage from the medium 
sizes. The final combination was developed using the mean value 
of the existing allowable percentages in each of the size-fraction 
designations. 

These five combinations were input into the packing algorithm, 
and plots of iso-densities were determined for a concrete formula
tion consisting of cement and fine and coarse aggregate. Coarse 
aggregate was chosen as the variable for this study because of 
its greater influence on the binary packing of the fine and coarse 
aggregate (25). 

It was observed that some of the combinations described for each 
size-number designation resulted in poor packing density charac
teristics and therefore in poorer concretes. These poor packing char
acteristics within a size-number designation include combinations 
that (a) result in a noticeably lower maximum packing density than 
other combinations, (b) result in very small regions of comparable 
packing density, or ( c) have gradients in packing· density in the 
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directions of increasing or decreasing volume percentages of fine or 
coarse aggregate, or all. This final characteristic would result in lit
tle tolerance for error in aggregate proportioning during the batch
ing process that could lead to large changes in the concrete and 
therefore affect the initial and final concrete properties. 

An encouraging outcome of the study is noted in all of the com
binations within a size-numbered designation. There is a certain 
arbitrary level of packing that is the same in value and roughly in 
the same area and location for all of the combinations evaluated. An 
example of this phenomenon is demonstrated by comparing the 
shaded regions of panels (a), (b), and (c) of Figure 7. Note that 
although the maximum packing density value and position are dif
ferent for all three combinations, the density plateau labeled 0.87 is 
generally the same in area, shape, and position for all three. This 
similarity suggests that, in practice, this iso-density limit would be 
the lowest level of packing expected regardless of the proportion
ing of size fractions in the coarse aggregate size-number (based on 
these combinations of concrete components). It is only the charac
teristics of the packing densities above this "base level" that are 
affected by the various combinations analyzed here. Although these 
observations could result in improvements to the use of coarse 
aggregates in concrete, it is reassuring that the packing model helps 
to explain the generally acceptable results obtained using the' cur
rent ASTM C 33 gradings. 

Effects of Natural Versus· Manufactured 
Aggregates on Packing Density 

The efficiency with which the dry constituents of a concrete formu
lation can be assembled depends on the morphology of the particles. 
Angularity and aspect ratio are not specifically measured for input 
into the packing model described elsewhere (9,22) but are indirectly 
included in the tap density. An aggregate that meets the C 33 grad
ing guidelines and has been prepared by crushing, when contrasted 
with a similar aggregate that occurs naturally and does not require 
crushing, will exhibit different packing behavior. An angular to sub
angular aggregate will not pack as densely as its rounded to sub
rounded counterpart. Figure 8 contrasts the differences in packing 
that are calculated for a no. 8 manufactured limestone aggregate 
with the same cement and fine aggregate prepared from a rounded 
natural quartz aggregate. The differences in dry packing for these 
two systems can be as much as 8 to 10 volume percent. 

Effect of Packing on Chloride Permeability 

The effect of packing density on durability and, in particular, trans
port properties of species into or out of the concrete is reflected in 
measurements such as that of chloride permeability. Some experi
mental studies were undertaken to evaluate this effect. The chloride 
permeability of concrete specimens was measured by monitoring 
the net charge (coulombs) passing in 6 hr through a cylinder 

TABLE 5 Input Data for Packing Calculation of Coarse Aggregate 

characteristic size tap density 
(mmJ 

fine 6.35 0.57 
medium 12.7 0.56 
coarse 25.4 0.57 



Nominal Size 
Amounts Finer than Each Laboratory Sieve (Square-Openings), Weight Percent 

Size Number (Sieves wilh 4 in. 
3112 in. 

3 in. 
2'12 in. 2 in. 1 '/2 in. 

r . :v. in. 'h in. :t,'e in. 
No.4 

No.8 I , 1n. Square Openings) (100 
(90mm) 

(75 
(63mm) (50mm) (37.5 mm) (25.0 mm) (19.0 mm) (12.5 mm) (9.5mm) 

(4.75 
(2.36 mm) 

mm) mm) mm) 

1 3'/:r lo 1 •12 in. 100 90 to 100 .. . 25 to 60 . .. 010 15 ... 0105 ... . .. . . . ... 
(90 to 37 .5 mm) 

2 2'/:r lo 1 'l:r in. .. . ... 100 90 to 100 35 to 70 0 to 15 .. . 010 5 . . . .. . . . . . .. 
(63 lo 37 .5 mm) 

3 2 to 1 in. .. . . .. ... 100 90 to 100 35 to 70 Oto 15 .. . 010 5 .. . . .. ... 
(50 to 25.0 mm) 

357 2 in. to No. 4 .. . .. . .. . 100 95 to 100 . .. 35 to 70 . . . 10 to 30 .. . 0 to 5 . . . 
(50 to 4.75 mm) 

4 1 •12 to 31. in. . .. ... ... ... 100 90 to 100 20 to 55 0 to 15 . . . 0 to 5 . . . ... 
(37.5 to 19.0 mm) 

467 1112 in. to No. 4 .. . ... ... ... 100 95 to 100 ... 35 to 70 .. . 10 to 30 o to 5 ... 
(37.5 to 4.75 mm) 

5 1 to 'l'l in. .. . ... .. . ... . .. 100 90 to 100 20 to 55 0 to 10 0 to 5 .. . . .. 
(25.0 to 12.5 mm) 

56 1 to ¥e in. .. . ... ... ... . . . 100 90 to 100 40 to 85 10 to 40 0 to 15 0 to 5 .. . 
(25.0 to 9.5 mm) 

57 1 in. to No. 4 .. . ... .. . ... . .. 100 95 to 100 .. . 25 to 60 .. . Oto 10 010 5 
(25.0 to 4.75 mm) 

6 ¥•to lf'e in. ... ... ... ... . . . ... 100 90 to 100 20 to 55 0 to 15 0 to5 ... 
(19.0 to 9.5 mm} 

67 lf'. in. to No. 4 .. . ... ... ... . .. ... 100 90 to 100 ... 20 to 55 01010 Oto 5 
(19.0 to 4.75 mm) 

7 'h in. to No. 4 ... ... ... ... . .. .. . . .. 100 90 lo 100 40 to 70 010 15 0 to5 
(12.5 to 4.75 mm} 

8 :,'e in. to No. 8 ... . .. ... .. . . . . ... ... . .. 100 85 10 100 10 10 30 010 10 
(9.5 10 2.36 mm) 

FIGURE 6 Table 2 of ASTM C 33. 
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FIGURE 7 Dry packing calculation of cement, fine aggregate, and coarse aggregate with varying 
proportions of sizes within coarse aggregate. 
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cement 
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sand aggregate 

FIGURE 8 Difference between iso-density lines for two concretes 
composed of cement, sand, and no. 8 coarse aggregate. Differences 
expressed present effects on packing density between angular, 
manufactured limestone and natural, subround morphology of 
quartz aggregate. 

(95.25<!>X 51 mm) mounted in a cell with two compa.D:ments, filled 
with NaCl and NaOH solutions, under the influence of 60 V de elec
trical potential (AASHTO T-277). The samples were precondi
tioned by vacuum saturation before measurement. An example of 
typical results is given in Figure 9, where concretes having higher 
packing density (in this case, higher proportions of coarse or fine 
aggregate, all other factors kept constant) showed a lower chloride 
transport rate. In general, the concrete samples formulated, based on 
the packing code, have the highest possible packing density and 
lowest porosity of their ingredients showed the minimum chloride 
permeability (26,27). 

500 
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<I.I 
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5 350 Q 

"3 
Q 

u 
300 

250 

200 
0.4 0.8 1.2 1.6 

F/C ratio 

FIGURE 9 Chloride permeability of concrete 
specimens as measured by monitoring net 
charge (coulombs) passing in 6 hr through 
cylinder (95.25<!> x 51 mm) mounted in cell with 
two compartments (filled with NaCl and NaOH 
solutions) under influence of 60 V de electrical 
potential (AASHTO T-277). 

SUMMARY 

Major advances have been made in the development of cementi
tious materials having superior properties. Such materials have been 
produced with widely ranging compositions, and their potential 
applications in modem technology are challenging. High
performance cementitious materials include the very strong, high
density materials of the pressed macro-defect-free (MDF), (DSP), 
or alkali-activated varieties; their superior properties may be 
achieved by using either special processing conditions optimal 
combinations of materials components, or both (9,21,22). However, 
high-performance also includes the ability to predict and achieve 
long-term durability. The nature of the microstructure of these 
materials is an important key to such predictability. 

This paper has focused on the accomplishments in high
performance cementitious materials with respect to durability. The 
achievement of dense particle packing, development of a dense 
microstructure, fine pore structure, ~uperior transport properties, 
and the relationship among them are critical to high performance 
and to its understanding and prediction. Additional focus in this 
important area is critical and will provide new knowledge that will 
open further horizons in the development of high-performance con
crete materials for many applications, especially for the national 
infrastructure. 
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