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To evaluate the restraining influence of unhydrated cement on creep, 
tests were made on concrete with clinker aggregate of the same 
composition as the cement, stored in a desiccated atmosphere. The 
creep behavior approximates that of a combined soft material in that 
the modulus of elasticity based on the total deformation after a time 
under load varies in accordance with the combined soft model for 
deformation of a two-phase material. The departure from the model 
grows with an increase in clinker content in the mix. 

A relation between creep and water-cement ratio and the degree 
of hydration is proposed, the state of the cement paste belng de
scribed in terms of the total water and the nonevaporable water. It 
is, however, not known which properties of the hydrated cement 
p:istA :irA hi gh ly i:ii l,'Tiifkant. 

The ratio or creep recovery to creep was found to be higher at a 
water-cement ratio of 0.43 than at 0.35 but did not vary in a regular 
manner with the fractional volume of unhydrated cement and clinker. 
Rejuvenation of recovery by wetting was confirmed. 

•IT HAS BEEN suggested (1) that unhydrated cement restrains the creep of concrete 
in a manner similar to the re straint offered by the aggregate, but no direct tests have 
been made. In the present paper, the mode of restraint is studied with respect to the 
two-pha8e characlel' uI lhe hytfraletl eemenl pasle. 

THEORETICAL CONSIDERATIONS 

The modulus of elasticity, E, of a composite material ~) lies between the values 
given by 

and 

E VPEP + VaEa 

1 ~ Va 
E = + -

Ep Ea 

modulus of elasticity of the soft phase (cement paste), 
modulus of e lastkity of the ha.rd pha.Re (:i ggrega.te ), 
volumetric fraction of the soft phase (cement paste), and 
volumetric fraction of the hard phase (aggregate). 

(1) 

(2) 

Equation 1 corresponds to the ideal case when the hard material is the continuous ma
trix., i, e,, to the so-called combined hard material, and is the upper bound. Equation 
2 is the lower bound (combined soft material), i.e., the case when the soft material 
forms the continuous phase. 
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In a real material, the actual behavior may be influenced by factors such as the 
proximity of the particles of the discontinuous phase as well as their size, shape, and 
orientation. Hence the behavior may lie between the bounds of Eq. 1 and Eq. 2, and 
can be represented by 

E = (3) 

This is similar to what may be called the Dougill-Hirsch expression (3). The value of 
8 ranges between O and 1, the former representing the combined hard-case and the 
latter the combined soft case. We can see that the proximity of the actual value of a 
to unity represents the proximity of behavior to the combined soft material. 

We can extend this approach to a modulus based on the total deformation after a 
given time under load. Two such moduli can be suggested: 

reduced modulus = Er 
(J 

( + C 

(4) 

and 
overall modulus 

(J = Eo = _(_+_s_+_c_ 
(5) 

where 
c = creep, 
s shrinkage, 
( elastic strain on loading, and 
a = applied stress. 

The justification for including shrinkage with the load-dependent deformations in the 
overall modulus is that shrinkage usually accompanies creep and both these deforma
tions are similarly restrained by the presence of aggregate. We can thus write for the 
overall modulus the equations corresponding to Eqs. 1 and 2: 

and 
1 

Eo 

(6) 

(7) 

where Eop is the total modulus of the hydrated cement paste. This modulus decreases 
with the growth of shrinkage, and creep with time. 

The bounds given by Eqs. 6 and 7 are shown in Figure 1 for O,;; Va,;; 1. In the pres
ent investigation, Va represents the combined volume of clinker and unhydrated cement 

grains. An equation analogous to Eq. 3 
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Figure l. Variation in modulus of elasticity with 
the fractional volume of the hard phase for a 

combined soft and a combined hard material. 

can be written using Eop for Ep. The val
ue of a is then given by 

8 (8) 

where E 6 and E1 are values of the modulus 
given by Eqs. 6 and 7 respectively. 

Similar argument can be applied to the 
reduced modulus. 

Hansen ( 4) suggested that 0 depends on 
the ratio ofmoduli of the two phases. Be
cause Eop varies with time under load, 0 
would also vary, tending to unity. 
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Oxide or 
Compound 

CaO, total 

CaO, Cree 

MgO 

so, 
Loss on ignition 

TABLE 1 

COMPOSITION OF CEMENT 

Percent 

22. 12 

4. 81 

64. 16 

1. 83 

0. 65 

3. 48 

Oxide or 
Compound 

Insoluble residue 

c,s 
c,s 

Bl aine specil!c 

Percent 

0. 11 

51. 3 

24. 3 

9. 7 

5. 3 

1. 75 gurl~ce = 3100 cm 2/g 

1. 26 

Since the variation in a with V c is not 
a priori known, it is proposed to obtain 
it experimentally by fitting coefficients 
to a third-degree polynomial. 

EXPERIMENTAL PROCEDURE 

The creep and shrinkage of a number 
of clinker "concretes" were observed 
over a period of 120 days. The aggre
gate in these concretes consisted of clin
ker, between '/.1 and% in. in size. The 
chemical composition of the clinker is 
given in Table 1; it can be seen that this 
is a Type I cement material. The cement 

used was ground from the same clinker so that from the chemical composition stand
point the "concrete" was homogeneous. Tap water was used. 

Mixing was done in a pan mixer, the neat cement paste being mixed first and clinker 
added afterwards. Mixing was done in two stagP.s with a 1-hour interval in between. 
It was on re-mixing that the clinker was added. Compaction was achieved by vibration. 

Two water-cement ratios and four aggregate-cement ratios were used. Details of 
the mixes are given in Table 2. The effective water-cement ratios and volumetric 
fractions of clinker were determined by density measurements of the actual mix and 
of the "parent" paste on demolding. 

The specJniens were 2 in. in diameter and 9¼ in. long. They were demolclecl at 24 
hours and thereafter stored in closed containers desiccated by silica gel at 2b C. 8ep
arate specimens were used for measurement of the total time-deformation, the shrink
age, and the secant modulus of elasticity. For the first of these, the load was applied 
at 14 days. The loading frames, method of measurement of strain, and test procedure 
were similar to those used in earlier tests (5) . The stress applied corresponded to a 
stress-strength ratio of 0.3 at the time of a1:ipfication of load, based on the sfrengt11 of 
3- by 6-in. cylinders. 

After 120 days under load, the creep specimens were unloaded and for half of them 
recovery was observed in the same atmosphere for 56 days. The specimens were 
then transferred to air with a relative humidity of 95 percent and further recovery was 
measured during the succeeding 29 days. For the remaining specimens, moist storage 
was applied immediately on unloading. 

For the analysis of r esults it is necessary to know the quantity of the unhydrated 
(hard) phase. Tests on clinker immersed in water revealed no significant hydration. 
As far as the cement grains are concerned, the degree of hydration was determined 
from the amount of combined water. There appears to have been no significant prog-

TABLE 2 

MIX PROPERTIES 

Water- Fractional Fractional Degree of Hydration 
Mix 

Cement Volume of Volume of Alter 
No. Clinker Plus Ratio Clinker 

Unhydrated Cement 14 Days 28 Days 

IA 0 0. 247 

IB o. 346 o. 135 0. 347 0. 47 0. 48 

IC 0. 2££ 0. 111 

ID o. 318 0. 486 

2A 0 u. !ti~ 

2B 0. 434 0. 122 0. 270 0. 55 0. 59 

2C 0. 274 0. 400 

2D 0. 319 0. 434 



Mix 
No. 

lA 

1B 

TABLE 3 

SECANT MODULUS OF ELASTICITY 

Storage 
Condition 

dry 
moist 

dry 
moist 

7 

2. 17 
2. 59 

3. 35 
3. 82 

Modulus ol Elasticity ( 106 psi) 
al the Age ol (days) 

14 

2. 29 
2. 85 

3. 25 
4. 10 

28 

2. 60 
3. 02 

3. 33 
4. 25 

56 

2. 26 
3. 09 

2. 96 
4 . 22 

90 

2. 31 
3. 24 

3. 25 

93 

ress in hydration beyond the age of 
14 days, i.e., while the creep speci
mens are under load. Table 2 gives 
the relevant data and the fractional 
volume of unhydrated cement and 
clinker. 

Compressive strength tests have 
shown that the addition of clinker 

4. 55 to a given cement paste raises its 
----dr_y ___ 3_- 0-o--4-_0_

5 
__ 4 ___ 10--3- _-09--4- _-02 strength. This probably arises from 

lc moist 4. 40 s.52 6.03 5. 53 6.01 arrest of crack growth by the clinker 
----dr_y ___ 5-.4-3--5-.6-o--5-_-s9- - 5- _-12 ___ 4_-86 aggregate, and may be aided by the 
m moist 5. 48 6. 04 6. 2s 6. 29 6.11 development of chemical bonds be-
-2A ____ ctr_y ___ 1 __ 4-9--1-. 7-0--1-. 7- 0--1- _-5a ___ l._49 tween the cement paste and the clin-

moist 1. 97 2. 50 2. 70 2. 51 2. 67 ker. The increase in strength was ---------------------
2B dry 

moist 
2. 59 
2. 78 

2. 46 
3. 07 

2.17 
3. 30 

2. 22 
3. 52 

2. 29 greater at the lower water-cement 
3-83 ratio (up to 50 percent) than at a water-

____ d_r_y ___ 3_-2-s--3-. 5-2--3-. 9- 6--3-. -40--4- _-02 cement ratio of 0.43 (up to 25 percent). 
2C 

moist 4. 03 4. 63 5.oo 4.46 5. l5 The growth of strength corresponded 
----dr_y ___ 3 __ 4-4--4-.1-o--4-_-1s--4- _-06 ___ 3_-66 with the progress of hydration, there 
2D 
____ m_o_is_1 ___ 4_.1_5 __ 5_.0_2 __ 5_. _46 __ 5_._o6 ___ 5._3o being little change beyond the age of 
N ote : Moist conditions applied ofter de molding . 14 days. Thus the stress-strength 

ratio of the creep specimens remained 
constant under load. 

The secant modulus of elasticity at a stress-strength ratio of 0.3 was determined 
at intervals between 7 and 90 days. The same specimen was used repeatedly. The 
values of the modulus are given in Table 3, and it can be seen that the modulus in
creases with an increase in the clinker content. There is no significant change in the 
modulus with age when hydration has virtually stopped, i.e., beyond 14 days. Mixes 
with approximately the same fractional volume of clinker have a lower modulus of 
elasticity at a higher water-cement ratio since, because of higher hydration, they have 
a lower content of unhydrated cement (Table 2). 

CREEP AND TWO-PHASE CHARACTER OF CONCRETE 

Typical creep curves are shown in Figure 2. Table 4 summarizes the creep data. 
It can be seen that, in general, creep is smaller at a higher clinker content, but the 
pattern is somewhat blurred. For the fixed stress-strength ratio used, in comparing 
mixes with approximately the same fractional volume of clinker, creep is generally 
higher at the higher water-cement ratio. This pattern is more definite when specific 
creep is compared. 

Expressing specific creep as a function of the volumetric fraction of unhydrated ce
ment by means of a third-degree polynomial yields the following results for w /c = 0.35 
and w/c = 0.43 respectively: 

cs csp + 0.028118 v c - 0.004037 V~ + 0.000084 v~ 

cs csp - 0.085311 v c + o.007924 v; 0.000197 v~ 

where 
cs = specific creep of concrete in 10- 6 per psi, and 

Csp = specific creep of neat cement paste in 10- 5 per psi. 

The computed values of the reduced and overall moduli are given in Table 5. Either 
modulus increases with an increase in the volumetric fraction of the unhydrated ce
ment. At a given time, the modulus is higher for a lower water-cement ratio, owing 
to the inherent difference in the modulus of the soft phase. However, the difference 
decreases with time under load because the modulus of the soft phase decreases. Thus 
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Figure 2. Typical creep and creep recovery vs time 
curves. 

after 120 days there is no difference 
between the two water-cement ratios 
(Fig. 3). It is possible that the mod
ulus vs V c curve is sigmoidal in shape, 
but the range of our tests is inadequate 
to establish this fact. 

To establish quantitatively the val
ue of e, i.e., the effect on deforma
tion of the volumetric fraction of the 
hard phase, we need to know its mod
ulus of elasticity. Direct measure
ment on clinker was not possible. How
ever, an estimate can be obtained 
from tests devised by Weir et al (6) 
on compressibility of cement powder. 
They measured volume changes under 

a hydrostatic pressure up to 10,000 atmospheres. The coefficient of compressibility 
is given by 

/3 
t:,,.V 1 
Vo l:,,.p (9) 

where 
Vo original volume, 
t:,,.V = change in volume, and 
~p change in pressure. 

TABLE 4 

SUMMARY OF CREEP DATA 

Creep (10- 6
) Alter Time Under Load (days) 

Specific Crw11 {lo-• per p•l) Affor Time-
Mix Under Load (days) 
No. 

7 14 28 56 90 120 
14 28 66 90 120 

lA 1300 2030 2400 2600 2810 2950 3010 3020 0. 596 0. 930 1. 100 1. 190 1. 288 1. 350 1. 378 1. 385 

1B 870 1430 1950 2440 2760 2970 3190 3370 0. 345 o. 567 0. 773 0. 967 1. 095 l. 179 1. 265 1. 338 

lC 480 865 1225 1685 1945 2025 2100 2130 0. 212 o. 382 o. 541 0. 743 o. 859 0. 893 0. 927 0. 940 

1D 760 1300 1550 1780 1940 2280 2470 2530 o. 288 0, 492 0. 587 0. 674 0. 735 0 , 864 o. 935 0. 957 

2A 700 1390 1690 2030 3050 3080 3270 3320 0. 500 0. 995 1. 206 1. 450 2.180 2. 200 2. 335 2. 370 

2B 650 1380 1730 2220 3020 3230 3360 3520 0.400 0. 850 1. 062 1. 365 1. 855 l , 990 2. 065 2. 165 

2C 870 1690 2300 2450 2780 3130 3170 3220 o. 491 0. 954 1. 300 1. 385 1. 572 1. 770 1. 790 1. 818 

2D 370 810 1030 1420 1700 1910 2080 2120 0. 211 o. 464 0. 581 0, 812 0. 972 L, 092 1.190 1. 212 

TABLE 5 

REDUCED AND OVERALL MODULI 

Reduced Modulus (10° psi) Mier Overall .Modulus (10° psi) After 
Mix Time Under Load (days) Time Under L0.\rl (rfay<::) 
No. 

14 28 56 90 120 14 28 56 90 120 

lA 0. 615 0. 581 0. 560 0. 551 0. 550 0. 432 0. 385 o. 359 0 . 339 0. 322 

1B 0. 783 0, 712 0. 672 0, 635 0. 607 o. 655 o. 572 0. 525 0. 500 0, 480 

lC 1. 030 o. ~01 o. 874 o. 848 0. 839 0 RR~ n n?. n. fiiiii n. fit2 0, 600 

1D 1. 172 1. 092 0. 959 0. 897 0. 879 1.092 1. 001 0. 880 0. 820 0. 788 

~A n. iiOii 0. 3fi9 0. 366 0. 349 o. 345 0. 328 0. 253 0. 234 0. 219 0. 212 

2B 0. 583 0. 453 0, 429 0. 415 0. 397 0. 457 0. 357 0. 332 0. 313 0, 299 

2C 0. 600 0. 540 o. 488 0. 483 0. 476 0. 550 0. 476 0. 412 0. 395 0. 387 

2D 0. 947 0. 822 0. 749 0. 698 o. 687 0, 854 0. 730 0. 670 0. 623 0. 608 
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Figure 3. Variation in overa II modulus with frac
tional volume of unhydrated cement and clinker. 

From the theory of elasticity, 

1 
3(1 - 2µ) {i 

whereµ, is Poisson's ratio. 

95 

(10) 

In the tests by Weir et al, AV/ VO = 
0.0226 for Ap = 10,000 at mospheres , so 
that fJ = 2.26 x 10- 6 per atmosphere. 
Assumingµ, = 0.22, we obtain Ea = 
10.75 x 106 psi. This value can be com
pared with Newman's (7) estimate of 7 
to 8 x 106 psi obtained by extrapolation 
of the modulus of elasticity of cement 
paste to w/c = 0. Such figures compare 
with those for silicates and glassy ma
terials. 

The values of 0 in equations for Eop 
and Erp analogous to Eq. 3 have been 
calculated for Ea ranging between 6 and 
11 x 106 psi. In all cases, 9 is not far 
from unity, which indicates proximity to 
the lower bound. This behavior is to be 
expected in view of the large value of the 
ratio Ea/Eop• However, with an in
crease in V c, 0 decreases, thus showing 
greater departure from the combined 
soft model. Both the reduced and over
all moduli showed the same trend. 

The coefficients in the polynomial ex
pression for 9 were found to vary with 

time and mix proportions, but the variation was small. We can therefore assume, for 
the conditions of our tests, that 9 = 0.95. 

INFLUENCE OF WATER-CEMENT RATIO ON CREEP 

The influence of the water-cement ratio on creep may be related to the pore volume 
in the hydrated cement paste (8). It has been shown that the gel density, defined as 
the ratio of the volume of gel fo the volume of cement paste less the volume of unhy
drated cement, is given by 

D 
= a [ 1 + gw~ (1 -½)] 

gw
0 

+ a 
(11) 

where 
g = specific gravity of anhydrous cement, 
K = a factor expressing the relationship between nonevaporable water and reduc

tion in absolute volume of products of hydration, 
w0 water-cement ratio, 
wo weight of nonevaporable water per unit weight of fully hydrated cement, and n a degree of hydration. 

Hansen (2) attempted to relate creep to gel density . Assuming that specific creep 
varies as the m th power of the water-cement ratio, his expression can be modified to 

(12) 
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where 
t age, and 

t 1 = age at loading. 

The values of A, B, and m are deter
mined experimentally. Since, for a given 
cement, gw_g, and K are constant, the val
ue of Din Eq. 11 depends only on w0 and 
ex. Taking wg = 0.253, g = 3.22, and 
K = 3.87, we obtain 

D 
1.604 ex 

3.22 w 0 + O'. 

Figure 4. Comparison of calculated and observed 
specific creep using Eq. 12. 

Using this value of D in Eq. 12, we find 
for creep after 120 days: A = 0.1 x 10-6

; 

B = 12.41 x 10-8
; m = 3. The value of 

Cs is then in 10- 5 per psi, t being in days. 
These coefficients were used to cal

culate specific creep fui· all lhe mixes, 
and good agreement with experimental results was obtained (Fig. 4) but it is not known 
which properties of the hydrated cement paste are highly significant. 

TABLE 6 

CREEP RECOVERY 

Creep Recovery (10-') for Time 
Preceding 

Ratio of 
Mix Storage Since Unloading (days) Creep 
No. Condition Creep 

Recovery/ 
2 14 28 56 57 59 63 85 

10-, 
Creep 

lA 
dry 100 120 145 200 225 270 290'-,. 3020 0. 10 

moist 590 660 765 850 0. 28 

lA moist 480 570 650 730 785 975 1140 1150 0. 38 

lB 
dry 110 130 145 205 220 280 290 

'><545 
3370 0. 09 

moist 620 755 870 0. 26 

1B moist 555 635 730 820 900 1015 1160 1185 0. 35 

lC dry 87 90 115 180 205 265 255'-,.465 2130 0. 12 
moist 590 705 835 0. 39 

lC moist 405 505 575 650 795 950 1065 1085 0. 51 

1D dry 45 75 85 140 165 145 170--.... 360 2530 0, 07 
wUi6t ·120 G30 GOG v. ,t,~ 

tD moist 275 325 395 505 620 690 675 700 0. 28 

2A dry 110 140 150 230 275 290 34•--..,. 3320 0. 10 
moist 780 850 950 990 0. 30 

2A moist 410 480 580 740 1000 1150 1310 1335 o. 40 

2B 
d,•y 140 150 180 240 260 330 

320 '-..580 
3520 0. 09 

mo st 740 850 930 0. 26 

2B moist 620 720 770 990 1100 1240 1250 1280 0. 36 

2C 
dry 10 50 75 140 190 205 220--..,. 480 

3220 0. 07 
moist 650 BOO 1025 0. 32 

2C moist 445 615 665 850 940 1180 1275 1290 0. 40 

2D dry 30 80 60 70 80 110 110 -..__,. 270 2120 o. 07 
moist 320 350 385 0. 18 

2D moist 130 205 210 355 370 460 470 490 0. 23 

t'\Jote: The arrow denotes change in conditions of storage. 
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CREEP RECOVERY 

The creep recovery data are summarized in Table 6. In all cases, exposure to air 
at a relative humidity of 95 percent rejuvenated the creep recovery and approximately 
doubled it within 1 day, with a further substantial increase during the succeeding 4 
weeks. But even so, the creep recovery was considerably smaller than when moist 
exposure took place immediately on unloading. The ratio of creep recovery/creep 
does not appear to vary in a regular manner with the fractional volume of unhydrated 
cement and clinker but is in all cases higher at the higher water-cement ratio. 

CONCLUSIONS 

The present tests, limited to one chemical composition of cement and clinker and 
to the range of variables used, show that the influence of aggregate on creep can be 
expressed in terms of the reduced and overall moduli of elasticity of the concrete. The 
moduli can be calculated for any proportion of aggregate in the mix (smaller than 0.5) 
from the moduli of the cement paste and of the unhydrated cement, by interpolating be
tween the values for a combined soft and a combined hard material according to the 
empirical equation 

(13) 

for the overall modulus and a similar equation for the reduced modulus. The value of 
Ea is assumed to be 10. 75 X 106 psi. 

The specific creep of concrete at any time depends, in addition to the cement paste 
content, on the water-cement ratio and on the degree of hydration. For the materials 
used, after 120 days under load, a modified version of the Hansen equation is 

IO 1 3.22 wo + a [1 - e-0.0333 (t - t1)] 12 41 w3 ln _!_ I V 10-6 
. 1.604 0: + . 0 t1 p (14) 

where cs is per psi and t is in days. 
It is likely that the influence of the water-cement ratio on creep would be smaller in 

conventional concrete, where the proportion of capillary voids in the total volume is 
considerably smaller than in the rich mixes used in the present investigation. 

The overall modulus of hydrated cement seems to approach zero after a long time 
under load. In the present tests it was estimated that the effective modulus of com
pletely hydrated cement has a value of 100,000 psi after 120 days of sustained loading. 

The ratio of creep recovery /creep is higher at a higher water-cement ratio but does 
not vary in a regular manner with the fractional volume of unhydrated cement and 
clinker. 
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