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ABSTRACT/The study of the porosimetric data obtained 
from intrusion, extrusion, and reintrusion of mercury in lime- 
stone samples from the region of the sphinx reveals the 
characteristics of the pore system and allows analysis of du- 
rability factors. 

The pore system in all these rocks consists of "ink-bottle" 
pores. As the initial intrusion and extrusion have been com- 
pleted, some mercury always remains in the sample. This 
trapped mercury represents the volume of large voids of the 
ink-bottle pore system. The distribution of the volume of the 
narrow throats of this system is revealed by the reintrusion 
curves, 

The curves obtained by plotting extrusion and reintrusion 
volumes against corresponding pressures enclose a loop. 
These curves relate to pore throats only. As entrapment of 
mercury does not occur in these pores, their distribution fre- 
quency and sorting seem to cause this hysteresis. 

The pressure/volume data also have been interpreted in 
terms of work needed to inject and extrude mercury from the 
pores. This thermodynamic analysis of the data has provided 
an additional, although tess well-defined, means to charac- 
terize the porous stones. 

We have used in this study the model-dependent pore-size 
distributions and model-independent thermodynamic proper- 
ties to develop durability factors. The factors based upon the 
combination of pore sizes in the range of <0.5, 0.5-5, and 
>5 ~m precisely fit the observed durability of limestones at 
the sphinx, some of which have been exposed for more than 
5,000 yr to the ambient atmosphere. 

Introduct ion 

The durability of stone is largely controlled by the 
pore-size distributions. To obtain these quantitatively 
(Dullien and Batra 1970) by microscopic means is not 
only cumbersome but nearly impossible, particularly 
due to the intricate network of  fine pores that are dif- 
ficult to reconstruct three-dimensionally. Mercury-in- 
trusion porosimetry consists of  injecting, under pres- 
sure, mercury, a non-wetting liquid, into pores. The 
size of  the pores intruded by mercury depends upon 
the amount of  the applied pressure, but to calculate 
the pore radii a configuration of pores must be as- 
sumed. The classical Washburn (1921) equation, as- 
suming the pores being cylindrical, expresses the rela- 
tionship as follows: 

r = - (2 ~/cos O)/P (1) 

where r = pore radius, in ~m; y = surface tension, 
485 dynes/cm; 0 = contact angle of mercury with 
stone surface, 130°; P = applied pressure, in psi. 

In a pore system where large and small pores are 
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interconnected, the pressure/volume curves do not 
show the large pores directly. The reason is that a 
small connecting pore will allow the entry of mercury 
into a large pore at the pressure adequate for the 
breakthrough of  this small pore. I f  a large pore is con- 
nected to small pores of variable sizes, then, upon in- 
creasing pressure, the largest of  connecting pores will 
control the entry of  mercury into the large pore. As a 
result, the large pores become masked in normal mer- 
cury-intrusion data. However, the pressure/volume 
(PV) curves for initial intrusion, extrusion, and rein- 
trusion allow delineation of  such interconnected large 
and small pores. 

Besides pore-size distributions, the PV data can also 
be used to calculate the work expended during the in- 
jection and withdrawal of  mercury. This work is a 
model-independent quantity and offers an additional 
method to characterize the building stone. 

Several efforts have been made in the past to rank 
stones for durability on the basis of their pore charac- 
teristics. Kaneuji (1978) developed a ranking scheme 
based upon the total pore volume and median pore 
diameter for certain Indiana limestones. Our analysis 
of the pore-size distributions has allowed us to develop 
a durability equation, which, when applied to ancient 
as well as modern well-known building stopes, repre- 
sents accurately their weathering behavior. The results 
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of this study are particularly useful in the selection of 
stone for restoration of  many decaying monuments in 
Egypt. 

Materials and Methods 

The  limestone samples were obtained from the core 
of the sphinx (Fig. 1) and from the corresponding 
rock units extending into the walls of  the sphinx sanc- 
tuary. The  samples were extracted from some depth 
into the strata in an effort to exclude the weathered 
portion of stone as far as possible. The samples for the 
porosimeter were nearly quarter-inch-long cylinders 
with a diameter somewhat less than the length. The 
surface of the samples was polished with 600-grit car- 
bide powder, cleaned in an ultrasonic bath for a few 
seconds, dried at 100°C, and then cooled in a desic- 
cator to room temperature. 

A Micromeritics Pore-Sizer 9300 was used to obtain 
intrusion, extrusion, and reintrusion data in the pres- 
sure range of 5-30,000 psi. The  intrusion and extru- 
sion volumes of mercury were measured in terms of 
capacitance as picofarads converted to cubic centi- 
meters per gram of sample, using conversion factors 
given for respective penetrometers by the manufac- 
turer. Adequate time was allowed to achieve a steady 
state of  mercury penetration and ejection. The experi- 
ment on a sample sometimes lasted three days. 

The  data collected from the Pore-Sizer 9300 were 
stored on a computer disk. The cumulative pore- 
volume and pore-size distribution curves were drawn 
using the Dec-graph program on a Vax computer. 

Discussion 

Scanning electron microscopy (Chowdhury and 
others 1990) has dearly revealed that the sphinx time- 
stones have "ink-bottle" pores (Fig. 2). In such a system 
of pores, large voids are commonly connected to each 
other through narrow throats. We will attempt in the 
following pages to determine the correlatives of these 
pores in the pressure/volume data obtained from mer- 
cury-intrusion porosimetry. 

In the prevailing ink-bottle pore configurations, the 
narrow throats limit the movement of mercury into 
the large cavities, so that at lower pressures the mer- 
cury is unable to penetrate the corresponding large 
pores. These become filled later when the pressure for 
the breakthrough of the narrow throat has been 
achieved. In fact, the largest of the throats controls the 
filling of  the large pores because, once mercury begins 
to flow into a large pore, a steady state of  intrusion 
volume must be achieved in the experimental proce- 
dure before a switch is made to the next higher pres- 
sure, indicating a narrower pore. Consequently, the 
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Figure 2. Micrograph of epoxy impregnated sample from 
bed 6ii (see Chowdhury and others 1990) showing ink-bottle 
pores. The cavities here are large pores and the connecting 
throats represent capillaries, i.e., small pores, of up to 5 ~m 
diameter. 

volume/pore-size curves representing first intrusion 
mask the presence of the large pores even though the 
total volume of the intruded mercury--thus the total 
porosity--is accurately revealed. These curves must 
then be deconvoluted in order to gain an insight into 
the presence and distribution of the large pores. The 
first of these objectives, i.e., the identification of large 
pores and their volume, has been achieved by studying 
the hysteresis generated in the process of initial intru- 
sion and extrusion of the mercury. A way to deter- 
mine the distribution of large pores has not yet been 
found, however. 

The volume of the extruded mercury in all studied 
samples is less than that of the total intruded mercury. 
Obviously, in the depressurizing mode, the narrow 
throats of the ink-bottle pores do not, at pressures 
below their breakthrough pressure, allow the mercury 
to be extruded from the large pores (Wardlaw 1976; 
Wardlaw and Taylor 1976; Wardlaw and McKellar 
1981). The trapped volume thus represents the space 
occupied by pores larger than those revealed directly 
by the initial intrusion in the volume/pore-size curves 
(Figs. 3 and 4). These large pores are seen as vugs in 
the scanning electron microscopy (Fig. 2). 

The second intrusion takes place entirely in the 
throats of the ink-bottle pores only, because the large 
cavities had remained filled with the mercury during 
the extrusion process. The second intrusion then gives 
the true volume and the distribution of the throat 
sizes. The PV curves resulting from extrusion and the 
second intrusion enclose a hysteresis loop. This loop 
entails relationships between various sizes of throat in- 
terconnection without any entrapment of the mercury. 

Relevant porosimetric data from the limestone beds of 
the thoracic region of the sphinx are shown in Figure 
3. These curves clearly reveal the distinction between 
the bottom and top portions of a bed and between the 
lower and the upper beds (Gauri and Holdren 1981; 
Chowdhury and others 1990). The top portion of a 
bed with respect to its bottom portion and the upper 
beds, in general, have a larger volume of the large 
pores (vugs), have widely scattered throat sizes, and 
possess lower hysteresis energy calculated on the basis 
of PV work of extrusion and reintrusion. 

Robertson (1982, and several private communica- 
tions) and Lowell and Shields (1981) have suggested 
that the hysteresis loop may have been generated be- 
cause of the change in the contact angle (0) of mercury 
from the forward to the backward movement at- 
tending the respective intrusion and the extrusion of 
the mercury. However, the shape of these loops, the 
area they enclose, and their gradient in the PV dia- 
gram change systematically from the lower to the 
upper layers of the sphinx strata. Furthermore, even if 
two strata receive the same volume of injected mer- 
cury, their hysteresis loops may be different. This 
leads to the suggestion that the influence of the pore 
system over the movement of the mercury is very large 
indeed, even though the change in the contact angle 
may have contributed to this hysteresis. 

The durability of stone in natural exposure is nor- 
really related to the movement of water through 
pores, which, in turn, is controlled by the pore-size 
distributions. In his classic work Schaffer (1932, fac- 
simile reprinted 1972) showed that among Portland 
stones those most affected by the crystallization test 
had high microporosities. Honeyborne and Harris 
(1958) gave an empirical criterion of durability: stone 
in which at least 70 percent of the porosity was present 
in the form of pores greater than 5 p,m in diameter. In 
the following discussion of the ink-bottle pores, the 
throat sizes less than 0.5 p,m in diameter are termed 
small capillaries and those between 0.5 and 5 I~m are 
termed large capillaries. All cavities larger than 5 i~m 
are termed large pores. 

In cold climates, freezing of water in the pore space 
may damage the stone. In hot and arid climates, crys- 
tallization of salts produces similar, although more 
damaging, effects. Those rocks that readily become 
critically saturated, i.e., in which the entire pore space 
becomes completely filled with water (Table 1, lower 
beds) suffer maximum damage. This condition is 
easily attained in a Stone possessing a large volume Of 
small capillaries. Here, the strong capillary suction fills 
all the pores completely. As the crystallization begins, 
first in the large pores (Everett 1961), presumably hy- 
drostatic pressure is generated, acting against the pore 
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F]gure 3. Porosimetry of  sphinx limestones: Specimens 1 -6  are from the beds shown in Figure 1. Specimens of bed 7 are 
shown in Figure 4. A. Pore-size distributions showing that the lower portion of each bed has a maximum of capillaries of smaller 
diameter than the upper portion of the same bed. Also, the upper beds have larger capillaries than the lower beds. B. PV curves 
showing, among other features, the volume of mercury trapped in the pores. For example the trapped mercury in sample li is 
nearly 40 percent, and in 6i it is nearly 75 percent. This trapped volume represents the volume of large pores. 
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Figure 4. Porosimetry of bed 7, also showing the areas of PV 
work used in the thermodynamic analysis of the porosimetric 
data (Table 3). 

Table 1. Saturation coefficient of sphinx thorax beds a 

Saturation 
Sample coefficient 

7 0.83 
6ii 0.82 
6i 0.94 
5ii 0.93 
4ii 0.91 
4i 0.89 
3ii 0.96 
2ii 0.95 
lii 1.00 
li b 0.77 

~Saturafion coefficient is the ratio of water absorbed by capillarity to 
the water absorbed under pressure. 
bSamples disintegrate when immersed in water. 

walls. Eventually, the elastic modulus of  the stone is 
overcome (Cassaro and others 1982), and the stone 
succumbs by disintegration. On the other hand, stones 
possessing large capillaries have weaker suction. Fur- 
thermore, the presence of  the large volume of  large 
pores in such samples allows the pores to be only par- 

tially filled. The hydrostatic pressure generated on 
crystallization in such cases is unable to act upon the 
pore wall, and the stone escapes disintegration. With 
this background, the following features have been 
found to influence the durability of  the sphinx rocks: 

1. Presence of  a large volume of  narrow capil- 
laries (<0.5 I~m) is detrimental in any case. The 
strong suction by these narrow capillaries fills 
all the pores after water has become available in 
the environment of the stone. The durability 
may somewhat increase if large pores are 
present, but even these pores may become 
readily filled with the water supplied by the 
narrow capillaries. The specimens from beds 
1 -3  in the sphinx sequence belong to this cate- 
gory. They possess a saturation coefficient ap- 
proaching the value of 1, suggesting that empty 
space does not exist in these rocks and that 
crystallization pressure may be released, These 
rocks have suffered maximum deterioration in 
the field. 

2. Limestones with abundant large capillaries 
(0.5-5 p~m) are generally more durable, as 
large capillaries exert a weaker suction. Because 
of  this, the large pores do not seem to become 
entirely filled with water (Table 1), and ade- 
quate space remains for the release of the crys- 
tallization pressure. 

3. As a corollary of 1 and 2 above, a relatively 
larger volume of the pore space occupied by 
the large pores will enhance the stone's dura- 
bility. This is clearly seen in the upper beds of  
the rock sequence exposed at the sphinx. 

Durability Factors 

Kaneuji (1978) and Kaneuji and others (1980), de- 
veloped durability factors for certain crushed Indiana 
limestones used as aggregates in the manufacture of 
concrete for pavements. These factors were based 
upon the freeze-thaw tolerance of aggregate and its 
correlation with the porosity characteristics of  the ag- 
gregate as expressed below: 

EDF = K1/PV + K 2 (MD) + K3 

where EDF = expected durability factors; PV = in- 
truded pore volume of pores larger than 0.0045 I~m in 
diameter, expressed in cc/g; MD = median diameter 
of pores larger than 0.0045 I~m; K1, Kz, and K3 are 
constants with values of  0.579, 6.24, and 3.04, respec- 
tively. 

The stones possessing an EDF value of  50 or higher 
were designated as durable against frost weathering. 
The pores considered by Kaneuji include both our 
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narrow and large capillaries. An estimation of the 
large pores in Kaneuji's material cannot be made be- 
cause he did not determine the extrusion and reintru- 
sion volumes, but he must have been aware of the 
presence of the ink-bottle pores, as he suggested that 
the pores larger than those included in his calculations 
would only increase the EDF values of the durable 
stones. 

The application of Kaneuji's equation to our poro- 
simetric data reveals a vague correspondence of the 
calculated EDF values to the observed durability. In 
light of present study, which has suggested that three 
pore types are influential in determining the dura- 
bility of the sphinx rocks, we have developed new rela- 
tionships that accurately describe these rocks. 

Durability Factors for Sphinx Limestones 

The durability factors have been calculated from 
the  relative volume of pores shown in Table 2. The 
durability factors equation is given below: 

D F = A 1  x Vl + A s  x V 2 + A s  x Va (2) 

where VI, V~, and Va are percentage pore volumes in 
the pore ranges of >5, 0.5-5, and <0.5 Ixm, respec- 
tively. A1, As, and A3 are constants with the values 
1.2338, 2.6220, and - 0.9841, respectively. 

The values of the constants were calculated from 
the solution of three simultaneous equations in which 
the pertinent properties of three samples, one each 
from beds 7, 6ii, and 6i, were assigned durability 
values of 100, 98, and 95, respectively. All these stones 
appear to be in a fair state of preservation. Table 2 
shows the durability factors of the strata forming the 
sphinx core, as well as of some Pharaonic veneer 
stones that are excellently preserved despite their 
5,000 yr of exposure to local conditions. Durability 
factors have also been calculated for Indiana lime- 
stone, a common building stone of proven quality in 
the United States. These calculated factors match the 
observed durability as well as the durability inferred 
from the petrographic properties of the rock (Gauri 
1984). 

Theoretical Background of Thermodynamic Analysis 
of Mercury Porosimetry Data 

In mercury porosimetry, work is performed during 
the processes of initial intrusion (Wi), extrusion (We), 
and reintrusion (W,e) (Fig. 3), given by the general re- 
lationship 

dW = PdV (3) 

In fact, the Washburn equation (1), fundamental in 
mercury porosimetry, is derived from the work-re- 
lated Young and Dupre's equation 

W = - (~/rv cos  0) zXA (4) 

where ~A is the change in the area of the capillary wall 
in a rising or depressing liquid in a capillary. However, 
in a column with a volume V, subjected to a pressure, 
P, above ambient, 

W = ~PV (5) 

Combining equations 4 and 5, 

APV = -(~cos O) A_A_ (6) 

For a circular capillary, the terms V and AA are given 
by ~r21 and 2~rl, respectively. Substituting these values 
in equation 6, gives the Washburn equation, restated 

APt  = - 2  3' cos 0 (1) 

Equations 6 and 1 are identical, but the latter repre- 
sents cylindrical pores only. However, for any other 
shape of pores, equation 6 becomes the operating 
equation. The thermodynamic work thus may be con- 
sidered as a model independent quantity. 

The purpose of the following discussion is to 
present the PV work as an additional means to charac- 
terize stones. Our treatment of the subject follows the 
lead of Robertson (1982), who has studied Portland 
stones from different quarries with a view of selecting 
durable stone for the restoration of Westminster 
Abbey, and the work of Lowell and Shields (1981, 83, 
84) concerning the theory and practice of thermody- 
namics in mercury porosimetry. 

Thermodynamic Analysis of Sphinx 
Porosimetric Data 

The work of intrusion, extrusion, and reintrusion 
was calculated by dividing the area above respective 
PV curves into n intervals, based upon the pressures at 
which the corresponding volumes were determined. 
The integral work of Wi, We, and Wr, are given by 

Wi = X~aVi (7) 

W e -~- ~ F A V  e (8) 

Wre -~ ZFAVre (9) 

where AV~ AVe, and AV,, are the volume changes in an 
interval j and j + 1 and P is the average pressure in 
that interval. 

Alternatively, W i may be considered graphically 
(Fig. 4) as consisting of three parts, namely work of 
entrapment (Wt), work of hysteresis loop (Why), and 
work of extrusion (W,), expressed as 

w~ = w ,  + wh~ + w ,  (10) 

These may be independently evaluated from the PV 
data. The amount of work calculated by these various 
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Table 2. Durability factors (DF) calculated on basis of pore-size distributions 

Total pore volume (%) 

Sample V 1 (>5 ~m) V~ (0.5-5 p~m) V 3 (<0.5 ~m) DF 

7 74.68 9.09 16.23 100.0 
6ii 74.59 8.84 16.57 98.9 
6i 69.30 11.25 19.54 95.8 
5ii 55.00 19.12 25.88 92.5 
5i 52.11 18.77 29.12 84.9 
4ii 74.88 5.03 20.09 85.8 
4i 71.49 4.34 24.17 75.8 
3ii 57.56 13.04 29.40 76.3 
3i 57.23 3.70 39.07 41.9 
2ii 66.01 8.04 25.95 76.9 
2i 43.86 3.32 52.82 10.8 
lii 63.28 4.00 32.72 56.4 
li 40.69 5.50 53.81 11.7 

SW16 64.50 11.50 23.90 86.2 
SW16 61.20 12.50 26.30 82.4 

T22 49.68 24.65 25.66 100.7 
T22 53.44 19.59 26.98 96.8 

INDY1 51.54 27.36 21.10 114.6 
INDY2 52.39 21.38 26.32 94.5 
INDY3 61.84 14.59 23.57 91.4 

Table 3. PV work calculated from porosimetry data 

Percent of W i 

Sample ~ Wi (J/g) wt Why w~ w/why 

7 1.387 26.74 15.82 57.44 1.69 
6ii 1.075 36.22 8.30 55.48 4.36 
6i 1.152 11.70 12.90 75.30 0.91 
5ii 0.878 23.84 11.85 64.33 2.02 
5i 1.690 31.07 17.26 51.67 1.80 
4ii 0.747 25.45 3.97 70.57 6.10 
4i 1.515 24.42 18.83 56.75 1.30 
3ii 1.294 21.44 14.07 64.47 1.52 
3i 1.000 15.00 31.00 54.00 0.48 
2ii 1.168 22.00 26.14 51.86 0.84 
2i 2.783 12.77 38.86 48.36 0.33 
lii 1.926 12.75 24.59 62.66 0.52 
l i  4.419 7.37 11.38 81.25 0.64 

SW16 1.146 17.80 47.20 35.00 0.38 
SW16 2.126 21.70 11.20 67.10 1.94 

T22 1.067 51.17 33.79 15.04 1.51 
T22 1.010 28.63 38.18 33.19 0.75 

INDY 1 1.076 18.4 12.95 68.65 1.42 
INDY2 1.121 7.18 8.61 84.21 0.83 
INDY3 1.616 47.63 7.50 44.87 6.35 

aSamples 1-7 are from the core of the sphinx. SW16 and T22 are from veneer stones used in the pharaonic restoration. INDY 1-3 are samples 
from Indiana limestones. 

means  coincides, owing to their  same origin. T h e  data  
obta ined  by the appl icat ion o f  equation 10 are  given in 
Table  3. T h e  following features  are  readily appa ren t  
f rom this analysis: 

1. T h e  work o f  en t r apmen t  is h igher  for  the 

u p p e r  beds o f  the sphinx than  for  the lower 
beds. Fur the rmore ,  the u p p e r  por t ion  c f  a bed  
shows more  work  than its lower port ion.  This  
result  cor responds  with the preceding  study 
based u p o n  pore-size distributions,  where  it is 
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seen that  the large pores,  which are responsi- 
ble for  the en t r apmen t  of  mercury,  are more  
abundan t  in the u p p e r  strata. 

2. T h e  work o f  extrusion is h igher  for  the lower 
beds. This  correlates well with the larger micro- 
porosity O f these beds. 

3. T h e  work  of  the hysteresis loop does not show 
a definite trend,  but  a correlation between the 
ratio o f  hysteresis and en t r apmen t  energies and 
the observed durability is appa ren t  in that  the 
lower beds possess lower W/Why values than  the 
u p p e r  beds. 

4. Other  studied limestones, namely, the Phar- 
aonic veneer  stones and the Indiana  limestone 
do not  fit the above schemes rigorously. Work  
is in progress  to deal with these matters  in 
greater  detail. 

Conclusion 

Schaffer  (1931) wrote, " In  a series o f  nearly 100 
quar ry  samples recently examined,  measu remen t  o f  
total porosity p roved  useless as a basis o f  classification, 
but  measu remen t  of  the microporosity,  measured  by 
the physical me thod  [i.e., capillary suction] was found  
to a f ford  a me thod  of  classification into tolerably well- 
def ined groups."  Schaffer,  compar ing  his work to 
Scott Russell's (quoted as private communicat ion)  sep- 
ara ted micro- and macroporosi ty  by a pore  size of  5 
I~m diameter .  Modern ,  precise measurements ,  by mer-  
cury porosimetry,  o f  porosity in an indefinite range  of  
pore  sizes, has enabled us to develop a reasonably ac- 
curate rat ing system. I t  is hoped  that  continuing work 
on this aspect and  the the rmodynamic  fundamenta ls  
o f  the free energy in pores will permit  an additional, 
perhaps  a universally applicable, system of  selecting 
durable  stones. 
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