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The kinet ics  of format ion  of the pore  space s t ruc tu re  of ar t i f ic ia l  stone and its different ial  
wa te r - r e t a in ing  and phys icomechanica l  p rope r t i e s  have been comprehens ive ly  invest igated 
with allowance for  the effect  of the method of compaction.  

It has been established that the various methods of compacting concrete mixes do not all have the 

same effect on the mechanical properties and permeability of the matured material. This is a result of 

their effect on the formation of the microstructure (the structure of artificial stone). 

We have investigated the effect of vibration (frequency 60 cps, amplitude 0.35 ram), vibrocompres- 

sion (frequency 60 cps, amplitude 0.35 ram, pressure 3.106 N/m2), and centrifugation (compacting pres- 

sure 2.105 N/m 2) on the hydration kinetics, the formation of the mechanical structure of the pore space, 

and certain physicomeehanical properties of artificial stone based on Portland cement M600, supplied by 

_ the Zdolbunovskii Plant, at (W/C) r = K = 0.26. 

The hydration kinetics were investigated by thermogravimetric analysis using a Paulik (Hungary) 

derivatograph system. For each specimen at specified curing times we recorded a thermogram, a weight 

curve, and a curve showing the rate of change of weight (derivatogram). 

In order to study the kinetics of formation of the structural porosity we employed the method of 

drying thermograms [I], which was shown to be appreciable under conditions similar to ours in [2]. The 

structure of the pore space of the matured material was also investigated by low- and high-pressure mer- 

cury porometry. 

In parallel tests we determined the compressive and bending strengths and the nitrogen permeability 

at a pressure of 106 N/m 2. At individual stages of the curing process we determined the microhardness 

and the specific surface from the water vapor and nitrogen adsorption (BET). 

In Fig. 1 we have reproduced the general appearance of the drying thermograms for each specimen; 

it is possible to distinguish a number of critical points corresponding to evaporation limits: an excess of 

free moisture above the specimen (up to point i), capillary moisture from the macropores and the inter- 

granular space (from point 1 to point 2); meniscus moisture from the macropores of the intergranular 

space and the pores of the artificial stone grains with a radius 10 -7 < r < 2 �9 i0 -5 m (from point 2 to point 

3); moisture contained in the microcapillaries of the artificial stone with a radius 5 �9 10 -9 < r < 10 -7 m 

(from point 3 to point 4); polymolecular adsorption moisture in pores with a radius 1 �9 10 -9 < r < 5 �9 10 -9 m 

(from point 4 to point 5); monomolecular adsorption moisture in pores with a radius 4.10 -1~ < r < 1 �9 10 -3 

m (from point 5 to point 6); and, finally, moisture retained in the artificial stone by weak chemical forces 

(beyond point 6) [3]. 
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Fig. i. Typical dryingthermograms of specimens I (a), 
IV (b), and V (e) at the ages: 1) 3h; 2) 8days; 3) 28 
days; 4) 6 months; 5) 1 year; 6) 1.5 years. AT is the 
specimen-air temperature difference, ~ T is the 
duration of the experiment, sec. 

Thus the moisture contents of the specimen at the critical points on the thermogram (points 2, 3, 4, 
5, 6) are of special importance in connection with the investigation of the structural porosity [2]. 

The drying thermograms of the vibrocompacted material (specimen I) are presented in Fig. la. On 
the first thermogram, recorded 3 h after mixing, the critical points 3 and 4 coincide, which indicates the 
absence of detectable microcapillaries in the initial period of formation of the coagulation-crystallization 
structure. Then the relative location of the critical points on the thermogram is observed to change, and 
points 3 and 4 separate. After 8 days the thermogram takes a form generally typical of brittle gels (curve 
2 in Fig. la). After 28 days the segment between points 3 and 4 gradually contracts, which is associated 
with a decrease in the volume of the micropores as a result of their being overgrown by submicrocrystal- 
line hydration products. Subsequently, the shapes of the thermograms and the locations of the critical 
points remain unchanged. On the thermograms recorded up to 28 days after mixing it is possible to dis- 
tinguish a critical point 6, which indicates the presence of a certain amount of moisture weakly bound by 
chemical forces. 

The evolution of the thermogram for vibrocompressed material (specimen IV) is shown in Fig. ib 
and that of the thermogram for centrifuged artificial stone (specimen V) in Fig. Ic. In general, the form 
of the thermograms is the same as for specimen I, except that points 6 and 7 are less easily distinguish- 
able on the thermograms obtained for specimen IV. 

The changes in the shape of the thermograms only qualitatively characterize the kinetics of pore 
structure formation. Quantitative information was obtained by analyzing the numerical values of the mois- 
ture content at each critical point on thermograms recorded during the curing process. 

In Fig. 2 we have plotted the changes in the volume of macro-, micro-, and submicroporosity in 
specimens I, IV, and V calculated with respect to unit mass of artificial stone dried at 378~ All the 
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Fig. 2. Macropore volume V2_3(. 10 -5 m3/kg) (a), 
micropore  volume V3_ 4 ( �9 10 -5 m3/kg) (b), gel pore 
volume V4_ 5 ( �9 10 -5 m3/kg) (c), and monolayer  adsorp-  
tion volume V 5(. 10 -5 m3/kg) (d) as functions of the 
curing t ime T (days) and logT (sec) for specimens I, 
IV, and V. 

curves  were constructed on the assumption that i r respec t ive  of pore size the density of the water is equal 
to 103 kg /m 3. 

The method of compaction has its greates t  effect on the differential charac ter i s t ic  of the pore space 
during the f i rs t  1-4 days, i .e . ,  during the period of most  active formation and consolidation of the c rys ta l -  
lization framework.  

Subsequently (after 3-4 days from the time of mixing) during the curing of all the forms of art if icial  
stone considered there is a fall in macropore  volume (2 �9 10 -5 > r > 10 -7 m) owing to an increase  in the 
volume of new hydrated formations.  This explains the rapid growth of the gel submicropore volume (Fig. 
2c, d) and the micropore  volume (Fig. 2b). The increase  in the number of mioropores  during the initial 
period of curing is also caused by the contract ion compress ion  of the volume of the p r ima ry  gel s t ructure.  
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Fig. 3. Amount of waterof hydration Wh (%) (a), tensile 
bending strength Rtb (" 106 N/m 2) (b), and compress ive  
strength R c ( .  107 N/m 2) (c) as functions of the curing 
t ime T {days) for specimens I, IV, and V. 
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Fig. 4. Derivatograms of specimens I (a), IV (b), and V (c) at 
the ages of 3h (i), 8h (2), 1 day (3), 2days (4), 3days (5), 7 
days (6), 14 days (7), and 28 days (8). T is temperature, ~ 

Compression during the compaction process and the initial period of curing (during the setting phase) 
ensures the densest packing of the solid-phase particles, expulsion of air, and intense structure formation 
in the vibrocompressed artificial stone. 

From the very beginning of curing under normally moist conditions the vibroeompressed material 
(specimen IV, Fig. 2a) has the least macrocapillary pore volume at similar relative micro- and submiero- 
pore volumes (Fig. 2b, c, d). 

The high degree of hydration of specimen IV in the initial curing period is graphically illustrated by 
the curves representing the changes in moisture of hydration (Fig. 3a) and by the characteristic peaks cor- 
responding to the formation of calcium hydroxide on the derivatograms (Fig. 4). 

At the end of the first day the compressive and bending strengths of the vibrocompressed material 
are almost twice as great as the corresponding strengths of the vibrocompacted specimens (Fig. 3b, c). 

This sharp difference in the mechanical properties of material compacted in different ways during 
the initial curing period is confirmed by the results of a determination of the microvolume cohesion 
strength or microhardness. After three days the values were 1.4, 1.7, and 2.7 �9 106 N/m 2 for vibroeom- 
pacted, centrifuged, and vibrocompressed artificial stone, respectively. 

One of the properties of artificial stone most closely related with its structural porosity parameters 
is its gas permeability. The permeabilitycoefficient directly characterizes the filtration qualities of the 
material. At a pressure of i06 N/m 2 pores with a radius greater than 10 -7 m are permeable to nitrogen. 

Thanks to its denser structure after three days vibrocompressed artificial stone has a gas permeab- 
ility coefficient 2.5 orders lower than that of the vibrocompated material and one order lower than that of 
the centrifuged stone (Table i). 

The fact that the gas permeability of the centrifuged material subsequently approaches that of the 
vibroeompaeted stone has the following explanation. Although it somewhat intensifies structure formation 
in the early stages, nonetheless the pressure acting during the centrifugal compaction process creates a 

TABLE i. Gas Permeability of Artificial Stone 

Method of compact ion 
Gas permeabil i ty  coefficient (darcy) when tested at age(days):  

r 3 

Vibration I 2.10 -3 
Vibrocompression 8.10 -4 
Centrifugation 7.10 -a 

1.10-8 
7.10-a 
2.10-3 

28 

7.10-4 
3.10-~ 
9.10-4 

360 

9.10-5 
9.10-6 
2.10-4 

550 

6.10-~ 
7.10-5 
9.10-~ 

1 2 8 5  



direct ional  capi l lar i ty ,  so -ca l l ed  f i l t ra t ion channels.  In rea l i ty ,  during the f i r s t  month of curing the cen-  
tr ifuged spec imen  has the mos t  developed m i c r o p o r e  s t ruc tu re .  

The difference in the s t ruc tu re  of the pore  space of spec imens  I, IV, and V at the age of one month 
(according to the data on moi s tu re  content difference and the m e r c u r y  p o r o m e t r y  data) is a lso respons ib le  
for  the difference in the gas pe rmeab i l i t i e s .  The d i f ferences  in m i c r o h a r d n e s s  (4.6, 4.2, and 6.5.106 
N / m  2) and in tens i le  bending s t rength (7.2, 7.8, and 9.5.  l0  G N / m  2) a re  also p r e s e r v e d .  

At this point, accord ing  to the m e r c u r y  p o r o m e t r y  data,  the pore  radius  at the distr ibution ma x imu m 
is 4.62, 5.00, and 3.25" 10 -8 m for  the v ibra ted ,  centr ifuged,  and v i b r o c o m p r e s s e d  spec imens ,  r e s p e c -  
t ively.  At the end of the f i r s t  month the c o m p r e s s i v e  s t rength,  the functional re la t ion  of which with the 
different ial  pore  cha r ac t e r i s t i c  is l e ss  dist inct ly expressed ,  is a lmos t  independent of the method of com-  
pact ion (see Fig. 3). 

An investigation of the var ia t ion of the pore  space  s t ruc tu re  and cer ta in  phys icomechanica l  ch a r ac -  
t e r i s t i c s  of the ar t i f ic ia l  stone during the p r o c e s s  of fu r the r  curing (up to 1.5 yea r s )  r evea l s  a t rend to-  
ward a level ing off of the effect  of the method of compact ion on the p rope r t i e s  in question. 

After  18 months of normal ly  mois t  curing the invest igated spec imens  have a lmos t  equal volumes oc-  
cupied by gel submic ropore s ,  which is a t t r ibutable ,  on the one hand, to the e a r l i e r  s tabi l izat ion of the 
development  of these po res  in the v i b r o c o m p r e s s e d  m a t e r i a l  and, on the other ,  to the continued develop-  
ment  of the gel pores  in the s t ruc tu r e s  of the v ibra ted  and centr ifuged stones.  The volumes occupied by 
m a c r o -  and m i c r o p o r e s  in the invest igated spec imens  also tend to converge.  The equal degree  of hydra -  
tion in spec imens  compacted by different  methods is conf i rmed by the r e su l t s  of the the rmograph ic  (Fig. 
3a) and der iva tographic  (Fig. 4) ana lyses .  

At eighteen months ne i ther  the c o m p r e s s i v e  s t rength  nor  the tensi le  bending strength depend on the 
compaction technique. The gas permeabilities, determined by the number and shape of the fil~ering 
capillaries, converge for the centrifuged and vibrated material, and that of the vibrocompressed stone is 
less than one order different (Table i). 

The convergence of the parameters of the pore space structure of the various types of artificial stone 
is confirmed by the experimental data on the specific surface of the solid phase. After two years the 
specif ic  su r face ,  de te rmined  f rom the ni t rogen and water  adsorpt ion,  is independent of the method of com-  
paction and has the values  (5.2 + 0.5) �9 103 m2/kg for  ni t rogen and (22.0 �9 1.0) �9 103 m2/kg for  water .  

The difference in the absolute values of the specif ic  sur face  de te rmined  by different  methods is a t -  
t r ibutable  to the nonuniqueness of the water  vapor  and nitrogen adsorpt ion m e c h a n i s m s  [4, 5]. 

After  two y e a r s  all the spec imens  have a lmos t  the same  m i c r o h a r d n e s s  (6.8, 6.4, and 6.9" 10SN/m2). 

Thus,  in the ea r ly  s tages  of cure  the kinet ics  of s t ruc tu re  format ion  and the phys icomechanica l  p rop-  
e r t i e s  of ar t i f ic ia l  stone a re  to a cons iderable  extent de te rmined  by the method of compaction.  In the l a t e r  
s tages  of cure  there  is a tendency for  the pr incipal  s t ruc tu ra l  p a r a m e t e r s  and the ma te r i a l  p rope r t i e s  to 
converge.  
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