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This paper presents experimental results verifying the authors' previous 
hypothesis that gap-graded air-entrained concrete has higher Yow1g's 
modulus of elasticity in compression, less shrinkage, and less creep 
than its continuously graded colll}terpart of the same maximum size of 
coarse aggregate and same amount of entrained air. These attributes 
al.'e tne dit·ect results of less specific surface in gap grading, compared 
to that in continuous grading, requiring less water-cement ratio, less 
cement, less water, less matrix, and higher aggregate-matrix ratio. 
The inapplicability of existing equations for gap-graded concrete is 
shown, and new mathematical relationships are derived for modulus of 
elasticity and creep for both gap- gr aded and continuously graded con
cretes. The equations are further compared with other existing results 
for gap-graded concrete. 

•A KNOWLEDGE of the deformations of concrete is important for the design of any 
structure with reinforced or prestressed concrete. The strains that cause deformations 
in concrete may be classified as elastic strains, plastic strains, creep strains, shrink
age strains, and thermal strains. In the design of concrete structures, particularly 
those for highways, all of these deformations are to be considered. In this paper 3 of 
them, elastic, creep, and shrinkage strains for gap-graded concrete, are discussed. 

OBJECTIVES AND SCOPE 

Li had proposed the hypothesis in his previous papers (!_, ~ that gap-graded concrete 
would have higher modulus of elasticity in compression, less shrinkage, and less creep 
than its continuously graded counterpart of the same maximum size of coarse aggregate 
and same amow1t of entrained air. All other things being equal, the specific surface 
per unit volume for gap-graded concrete is much less than that for continuously graded 
concrete, and gap grading eliminates loose juxtaposition and particle interference that 
are inherent in continuous grading. Because of these facts there al'e many advantages 
i11 using gap-graded concrete. The reduction of smaller sizes in coarse aggregate, and 
often in fine aggregate as well, leads to better workability and much less cement. In 
comparison with continuously graded concrete, gap-graded concrete thus requires less 
water, less water-cement ratio, less matrix, and hence higher aggregate-matrix ratio. 

To verify Li's hypothesis, an extensive research program sponsored by the South 
Dakota Department of Highways and the U. S. Bureau of Public Roads has been carried 
out to study all aspects of gap-graded concrete as compared to those of continuously 
graded concrete. Summarized here are the findings of the experimental results in re
gard to the basic mechanical property, modulus of elasticity, and the physical properties, 
creep and shrinkage, for both gap-graded and continuously graded concretes having the 
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same amount of entrained air and mixes with similar workability to the extent that they 
require similar attention and compaction. 

MATERIALS AND TEST PROGRAM 

Sand from Oral, South Dakota, with an absorption of 2 .04 percent and a specific 
gravity of 2. 63, crushed limestone with an absorption of 0. 58 percent and a saturated 
surface-d1·y specific gravity of 2. 73, Type 1 portland cement, and "Protex" air
entl'aining agent were used throughout the investigation. 

Aggregates of gap-g1·aded concrete consisted of a narrow-size range of coarse ag
gregate and a nanow-size range of line aggregate in which undesirable intermediate 
sizes and extreme fines were removed. The optimum mixes for the comparison of gap
graded and continuously graded Concretes were developed through pilot experiments so 
that they would have practically the same workability with respect to placement and fin
ishing. Thus, the improvement in the physical and mechanical properties and other 
merits of gap-graded concrete enumerated in this paper are the achievable advantages 
from a practical point of view. Strengths of mix designs selected for this investigation 
were 3,000, 4,500, 6,000, and 7,500 psi to correspond to those commonly used in struc
tural concrete . In all cases the actual strengths obtained were within a variation of ± 5 
percent of the design strengths. 

The mixes used were st,iff. They were designed to give 0- to l/2-in. slump for 7, 500-
and 6,000-psi concretes and 0- to %-in. slump for 4,500- and 3,000-psi concretes. The 
consistency of each mix was measured by means of a ' Vebe" consistometer. The time 
in seconds required to consolidate the slump cone into a cylindrical mass 93/o in. in di
ameter constituted a measure of the consistency of the mix. The cylinder specimens 
were consolidated by internal vibration according to ASTM C 31-62T. The prisms used 
for shrinkage tests were consolidated on a small vibrating table. For plastic wiit weights, 
the concrete was compacted by rodding. All the specimens except those for creep were 
cured in lime-satu1·ated water for 28 clays. All test procedures were according toASTM. 

The elastic modulus was determined by an axially mounted strain frame fastened to 
concrete cylinders for the compressive-stl'ength test. The modulus of elasticity is the 
"chord modulus" defined by ASTM C 469-65. 

Creep tests were conducted on three 6- by 12-in. cylinders taken from each of the 
relevant mixes. These specimens were stored in moist sacks at a temperature of 73.4 
F until the age of 7 days. They were next kept in the humidity-controlled room in an 
ambient temperatui·e of 73.4 F and relative humidity of 50 percent until the age of 28 
days. Then they were subjected to a sustained load of 30,000 lb (1,063 psi). The sus
tained load was checked at .frequent intervals by a calibrated pressure gage and adjusted 
by hydraulic jacks. Creep measurements were taken by a mechanical strain gage over 
a 10-in. gage length. 

TABLE 1 

GRADINGS OF COARSE AND FINE AGGREGATES 

Maximum Size of Percentage 
Maximum Size of 

Percentage Passing 
Sieve 

Passing Gap Grading Continuous Grading 

1 in.a 3/4 in. Y2 in. 1 in. '/, in. y, in. 

1 in. 100. 0 (100) 100 
:Yt ill. JG. 5 (40) 100.0 7R 100.0 
1h in. 36.5(40) 36. 5 100.0 56 72.5 100.0 
'le in. 36. 5 (40) 36.5 36. 5 42 45.0 71. 5 
No. 4 36. 5 (40) 36.5 36.5 28 30.0 30.0 
No. 8 36. 5 (40) 36.5 36. 5 21 23.0 20.0 
No. 16 0 (12) 0 36. 5 15 16.0 15. 0 
No. 30 (0) 0 8 9.0 10.0 
No. 50 0 0 0 

aNumbers in the parentheses indicate grading used for the 4,500-psi concrete. To get a good finish, 
these gradings were arrived at by trial mixes, 
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TABLE 2 

DETAILS OF MIX PROPORTIONS 

Maximum Water- Aggregate- Cement 
Slump Veb e Time 

Vibration Plastic 
Mix No. Size Cement Cement Content (in.) (sec) Time Unit Weight 

(in.) Ratio Ratio (lb/cu yd) (sec) (pcf) 

Gap-Graded Concre te 

G182 y, 0.32 3. 7 819 Ya 14 17 142 
GlBO 0.40 5.0 644 '110 9 9 144 
Gl83 0.52 6.2 527 % 8 8 144 

Gl79 '/. 0.32 4.2 752 0 15 17 145 
Gl78 0.45 6.0 562 '/. 6 7 147 
Gl81 0. 52 6.9 492 '/. 8 14 147 

Gl89 0. 33 4.5 714 0 16 25 145 
Gl90 0.40 6.5 527 '/. 13 12 142 
Gl91 0.48 7.0 486 'le 6 5 145 

Continuously Graded Concrete 

Cl04 y, 0.32 2. 7 1013 '/. 11 7 144 
Cl05 0.38 3.4 852 ;; .. 7 5 152 
Cl06 0.50 4.9 638 % 3 4 149 

Cl09 '/, 0.32 3.1 923 '/. 13 20 144 
ClOl 0.40 4.0 757 '/, 5 5 151 
Cl02 0.48 5.9 551 'le 5 5 151 

Cl07 0.32 3.5 862 'Y" 10 17 153 
c 98 0.37 4.9 665 "6 14 10 150 
ClOO 0.46 5.8 576 }',. 7 4 150 

Measurements of drying shrinkage were made on prisms 3 in. square and 11.5 in. 
long. All of the shrinkage specimens, after 28 days of curing, were stored in a 
temperature- and humidity-controlled room at a temperature of 73.4 F and relative 
humidity of 50 percent. Shrinkage strains were recorded according to the schedule 
stipulated by ASTM. 

The concrete mixes used in this program are given in Tables 1 and 2. 

TEST RESULTS OF MODULUS OF 
ELASTICITY, CREEP, AND SHRINKAGE 

Modulus of Elasticity 

Measured modulus-of-elasticity values 
for all the 18 mixes are given in Table 3. 
The relation between modulus of elasticity 
in compression and cylinder compression 
strength is shown separately for gap
graded and continuously graded concretes 
in Figure 1. The modulus of elasticity for 
gap-graded concrete is consistently higher 
throughout all strengths than that for con
tinuously graded concrete. 

The comparison of moduli of elasticity 
for gap-graded and for continuously graded 
concrete is shown in Figure 2 on the basis 
of equal cement content, equal workability, 
and equal ease of placement. The curves 
are plotted separately for each maximum 
size of coarse aggregate because the op
timum cement content is dependent on such 
size. The data shown in this figure clearly 
bear out the hypothesis (!_, .?) that the mod-
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TABLE 3 

TEST RESULTS OF MODULUS OF ELASTICITY 

Gap-Graded Concrete Continuously Graded Concrete 

Compressive 
Modulus 

Com1>resslve Modulua 
Density of Dnnsity of Mix No. Strength a {pcf) Elasticity Mix No. Slrcngtha 

(11<l.f) Eh1s tid ty (psi) (106 psi) ~1sl) (101 pal) 

G182 7,606 153. 0 5. 93 C104 7,4 12 151. 5 5. 72 
153.0 5.88 152. 0 5. 72 
153. 5 5.98 151. 0 5. 72 

Gl80 6,325 153. 0 5.46 Cl05 6,007 151. 0 5.43 
153.0 5. 58 151. 0 5. 45 
155.0 5. 76 150.0 5. 47 

G183 4,638 150. 0 4.98 C106 4,510 150.0 4.78 
149.0 4.66 150. 0 4.62 
149.0 4. 94 149.0 4. 81 

G179 7,338 154.0 6.2 9 C109 7,402 152. 5 5.68 
155. 0 6.20 152.5 5. 61 
155. 5 6. 20 153. 5 5.60 

Gl78 ti,769 152.0 5.25 ClOl 5,875 151.5 5. 10 
154. 0 5. 38 152. 0 5. 01 
152.0 5.45 151. 5 5.02 

Gl81 4,276 153. 5 4.92 Cl02 4,594 152.5 4.82 
153. 0 4. 71 152.5 4.63 
152. 5 4.80 153. 0 4. 72 

Gl89 7,208 155. 5 6. 17 Cl07 7,376 154.0 5. 67 
156. 0 6.21 154.0 5.67 
156. 0 6. 22 154. 5 5. 54 

G190 5,980 155. 0 5. 65 c 98 6,025 154.5 5. 37 
156.0 5.65 154.0 5. 37 
155. 0 5. 77 154.0 5. 67 

G191 4,660 153.0 5.10 ClOO 4,567 154.0 5.08 
154.0 5.14 154.0 5. 17 

154. 5 4, 69 

aAverage of 4 cylinders. 
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ulus of gap-graded concrete is higher than that of continuously graded for all maximum
size aggregates . Both Figures 1 and 2 indicate that the same strength and elastic modu
lus could be obtained with a considerable amount of saving in cement by adopting gap 
grading instead of the conventional grading. 

Creep 

Creep strains measui·ed at a constant stress of 1,063 psi are shown in Figure 3 for 
a period of 320 days for both gap-graded and continuously graded concretes. The creep 
strains are the average of 6 values measured on 2 diametric~,!ly opposite faces of each 
of the 3 cylinders. It was noted that there was very little variation among the 6 read
ings, indicating that the load was applied without eccentricity. The mix details and test 
results are given in Table 4. 

Figure 3 shows that the gap-gi·aded concrete of equal strength creeps less than the 
continuously graded concrete at all ages. At an age of 320 days, the continuously graded 
concrete has creeped 35 percent more than the corresponding gap-graded concrete. The 
creep was observed at a stress-strength ratio of 18 percent, referred to the strength at 
the time of application of the load. This slightly lower stress-strength ratio was adopted 

TABLE 4 

TEST RESULTS OF CREEP STRAINS 

Maximum Water- Aggregate-
Slump Vebe Vibration 28-Day Modulus of Elastic Strain 

Mix No. Size Cement Cement (in.) Time Time Strength Elasticity for 1,063 psi 
(in.) Ratio Ratio (sec) (sec) (psi) (psi) Stress 

Gl18 '/. 0.45 6.0 il 5,840 4.84 x 106 220 x 10-• 
C011 '/. 0.40 3. 85 y, 5,980 4. 25 x 106 250 x 10- ' 
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because of the limitations of the loading device. It is expected that, for a higher s t ress
stre11gth ratio, the creep strains will be considerably highe1· and the difference between 
the creeps of gap-graded concrete and continuous ly graded concr ete will be considerably 
higher. Litvin and Pfeifer (~ used a higher stress - strength ratio, and they found a 
higher difference in creep between gap-graded and continuously graded concrete. 

When the specimens were subjected to a load of 30,000 lb at the end of 28 days, the 
unit elastic strains measured at a stress of 1,063 psi were 220 x 10- 6 and 250 x 10-6 

in./in. respectively for gap-graded and continuously graded concretes. Hence the cor
responding secant moduli of elasticity are r espectively 4.84 x 106 and 4.25 x 10 6 psi, 
showing 14 percent higher for gap-graded concrete, even though the actual cylinder 
strength for this concrete was 140 psi less than that for continuously graded concrete. 

Shrinkage 

Shrinkages of gap- graded and continuous ly graded concretes have been compared for 
mixes with 1-, %-, and i/2-in . maximum-size coarse aggregates and for 3 differ ent nom-
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inal strengths of 7,500, 6,000, and 4,500 psi. The details of gradings and mixes are 
given in Tables 1 and 2, and test results are given in Table 3. Three specimens were 
cast for each mix, and each point plotted represents the average of 3 values. It was 
noted consistently that the readings in all 3 specimens were nearly the same in all 16 
mixes tested. The batches were made in pairs, one gap-graded and one continuous, so 
as to reduce possible systematic errors. 

The measured shrinkage strains and the duration observed are shown in Figures 4, 
5, and 6. The concretes compared had the same maximum size of coarse aggregate, 
same cylinder compressive strength, and the same workability and ease of placement, 
but the gap-graded concrete had less water content, less cement content, and higher 
aggregate-cement ratio. 

Figures 4, 5, and 6 show that, for all maximum sizes of aggregates and for all 
strengths, the shrinkage of gap-graded concrete is considerably less than that of con
tinuously graded concrete. This again confirms the hypothesis previously proposed. 
At 100 days, the shrinkage of continuously graded concrete with %-in. maximum-size 
aggregate and 7,500-psi nominal strength was 48 percent higher than that of the corre
sponding gap-graded concrete. 

A comparative study of Figures 4, 5, and 6 further indicates that (a) the shrinkage is 
smaller when larger size aggregates are used, (b) shrinkage increases as the strength 
of concrete increases, (c) shrinkage reduces as the aggregate-cement ratio is increased, 
(d) shrinkage increases as the water-cement ratio is increased, and (e) shrinkage in
creases as the cement content increases. This phenomenon is true for both gap-graded 
and continuously graded concretes. 
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PROPOSED EQUATIONS FOR YOUNG'S MODULUS AND CREEP 

Young's Modulus 

Modulus of elasticity for concrete is a basic property, and its accurate determination 
is important. Many factors such as strength of concrete, age of concrete, grading of 
aggregates, properties of aggregates, type of concrete (lightweight or normal weight), 
rate of loading, water-cement ratio, type and size of specimen and its density, and 
moisture content at the time of testing influence the results. 

Several empirical formulas have been suggested previously for use in design calcula
tions, mostly expressed as a function of ultimate compressive strength only; but the re
lationships proposed by various investigators do not show any acceptable agreement, 
especially when they are applied to concretes of different densities such as structural 
lightweight concrete. An empirical formula was proposed by Pauw ( 4) expressing the 
modulus of elasticity of concrete, Ee, as a function of density, w, and ultimate com
pressive strength, f~, as 

This formula has been adopted by the ACI Code 318-63. The results of the present 
investigation are compared with Pauw's equation and shown in Figure 7 in which the test 
results for gap-graded concrete obtained by Litvin and Pfeifer (3) are also shown. The 
figure reveals clearly that Pauw's equation does not correctly predict the modulus-of
elasticity values for gap-graded concretes tested in this investigation and at PCA Lab
oratory by Litvin and Pfeifer. It is to be noted that the results of this investigation and 
those of Litvin and Pfeifer show the same pattern. 

Further this investigation has proved that gap-graded concrete is generally slightly 
denser and has higher strength than its continuously graded counterpart of the same 
maximum-size coarse aggregate. Even when compared on an equal strength basis, it 
has also shown that gap-graded concrete is likewise denser than continuously graded 
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concrete. Therefore it is not logical to expect a single equation to predict the moduli 
of elasticity of both concretes. Hence 2 separate equations, one for gap-graded and 
another for continuously graded, are proposed. Even though a wide range of density 
has not been covered in this investigation, a plot of the density versus modulus of elas
ticity, shown in Figure 8, indicates clearly that the density of concrete is an influencing 
parameter in the determination of moduli of elasticity for both concretes. Therefore, 
it could be expected that modulus of elasticity of concrete could vary as a colinear func
tion of density and compressive strength. To make it perfectly general, and to account 
for the difference between cylinder and cube strength, let 

( 
WA ) ft Ee = o: I72!ffi + f3 c + Y 

where 

Ee Young's modulus in psi (chord modulus as defined in ASTM C469-65) ; 
o: and f3 dimensionless coefficients; 

Y an unknown constant in psi; 
w = unit weight of concrete in pcf; 
A = area of cross section of specimen in sq in.; 
h = height of the specimen in in.; and 
f~ = compressive strength in psi. 

(1) 

This equation is dimensionally consistent and automatically takes into account the 
difference in cylinder and cube specimens, while o:, {3, and Y would be different for the 
2 types of specimens. 

Let 
A 

I72mi 
361T 

4(1728)12 

for 6- by 12-in. cylinders. Then the colinear relation among Young's modulus, density, 
and strength with cylinder tests becomes 
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By using the t est results of Ee, w, and f~ , 2 curves, one Ee versus f~ and another 
Ee versus w, wer e plotted as shown in Figures 1 a:nd 8 r espectively for both gap-gr aded 
and continuously graded concretes. By choosing 3 points, the cor responding Ee , w, 
and f~ values ar e r ead directly from the figures. Substituting these values 3 times into 
Eq. 2, we can solve for these unlmowns. Different values were obtained for gap-graded 
and continuously graded concretes. The separate equations obtained a1·e as follows: 

For gap-graded concrete, 

Ecg = 0.109 x 10~ + 185 f~ - 12.14 x 106 

For continuously graded concrete, 

where 

Ecg 
Ee 

w 
f' c 

Ee = 0.0670 x 10~ + 185 f~ - 6.223 x 10 6 

Young's modulus for gap-graded concrete in psi; 
Young's modulus for continuously graded concxete in psi; 
density of 6- by 12-in. cylinder specimen in pcf; and 
compressive strength of 6- by 12-in. cylinder in psi. 

(3) 

(4) 

It is recognized that the maximum size of coarse aggregate may influence the values 
ct, {j, and I', but the results available do not justify to derive separate equations for dif
ferent sizes of aggregat es. The proposed equations are applicable for a range of f~ 
from 4,000 to 8,000 psi, which are the limits of the tests. 

TABLE 5 

COMPARISON OF CALCULATED AND TEST RESULTS FOR GAP-GRADED CONCRETE 

Li and Ramakrishnan Litvin and Pfeifer 

Modulus of Modulus of 

Unll 
Compres- Elast.ir.ity Ratio of Unit 

Compres- Elasticity Ratio of 
sive (108 psi) sive (10' psi) 

Mix No. Weight Test to Mix No. Weight Test to 

(pcf) 
Strength Calculated (pcf) 

Strength Calculated 
(psi) Calcu- (psi) Calcu-

Test Test 
lated lated 

G182 153. 0 7 ,606 5. 93 5.97 0. 99 Elgin 145.2 3,880 3. 91 4.43 0. 88 
153.0 7,606 5. 88 5. 97 0. 98 gravel 145.2 5,600 4.42 4.74 0.93 

153. 5 7, 606 5. 98 6.02 0.99 concrete 145.9 6,160 4. 75 4.90 0.97 

Gl80 153.0 6,325 5. 46 5. 73 0.96 148. 1 5,870 4.61 5. 09 0.91 
147.2 6,020 4.71 5.07 0.93 

153.0 6,325 5.58 5. 73 0. 97 146. 5 6, 170 4. 70 5.00 0.94 
155. 0 6,325 5. 76 5. 93 0.97 

144.3 5,140 4.41 4.5 6 0.97 
Gl83 150.0 4,638 4.98 5.07 0.98 144.4 5,700 4.47 4.66 0.96 

149.0 4,638 4.66 4. 97 0. 94 144. 2 6,050 4.37 4. 73 0. 92 
149.0 4,638 4.94 4. 97 0. 99 

Elmhurst 148.9 5,340 4.85 5.05 0.96 
Gl79 154.0 7,338 6.29 6. 02 1. 04 limestone 146.0 5,170 4. 59 4. 75 0.97 

155. 0 7 ,338 6. 20 6.12 1.01 concrete 145.1 5,420 4.52 4.67 0.97 
155. 5 7,338 6.20 6.17 1.00 146.3 5,450 4.69 4.87 0.96 

Gl78 152. 0 5, 769 5. 25 5. 53 0.95 
148. 1 5,690 4.85 5.06 0. 96 
147.4 5,870 4. 99 5.04 0.99 

154. 0 5,769 5.38 5. 73 0. 94 146.5 5,170 4.97 4.81 1.03 
152.0 5,769 5. 45 5. 53 0, 99 

145.4 5,840 5.17 4.84 1.07 
Gl81 153. 5 4,276 4. 92 5.35 0. 92 144. 4 6,360 5.06 4.80 1. 05 

153. 0 4,276 4. 71 5.30 0.89 
152. 5 4 ,276 4. 80 5. 25 0. 92 

G1 89 155. 5 7,208 6.17 6.12 1.01 
156. 0 7,208 6. 21 6. 17 1. 01 
156. 0 7,208 6. 22 6. 17 1. 01 

Gl90 155.0 5,980 5. 65 5.87 0. 96 
156. 0 5,980 5. 65 5. 97 0.95 
155. 0 5,980 5. 77 5.87 0.98 

G191 153. 0 4,660 5.10 5.42 0.94 
154.0 4,660 5.14 5.54 0.93 

Note: Coefficient of variation =4,10 percent; standard deviation= 0.04; and mean of ratio of test to calculated= 0.97. 
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Equation 3 for gap-graded concrete has been compared with the test results of this 
investigation (Table 5) and of Litvin and Pfeifer (~ and shows excellent agreement. The 
mean of the ratios of test value to calculated value is 0.97, the coefficient of variation 
is 4.10 percent , and the standard deviation is 0.04. 

Creep 

With the method of least squares, the following 2 equations, one for gap-graded con
crete and another for continuously graded concrete, were obtained for the 2 curves 
shown in Figure 3. 

Cg 
t (5) = 78 + l . 5 t for t ~ 40 

Cg 
t for t :;; 40 (5a) = 36 + 2.91 t 

c 59 + i.111 t fort <: 40 (6) 

c t 
2 t fort :;; 40 (6a) 23 + 

where 

Cg == creep in./in./ psi, for gap-gr aded concrete; 
c creep in./in./psi, for continuously graded concrete; and 
t = time under sustained load in days . 

These equations are applicable for a stress-strength ratio of 18 percent. Nasser and 
Neville (~ have reported that the creep in concrete is proportional to the stress-strength 
ratio. By assuming that these concretes conform to the proportionality between creep 
and stress-strength ratio , the creep at other loads could be estimated from these 
equations . 

CONCLUSIONS 

Young's modulus, creep , and shrinkage are basic to the analysis and design of re
inforced and prestressed concrete structures. Such data are not fully available at pres
ent for gap-graded concrete. The results presented here, though not exhaustive, will 
be quite useful to design engineers. 

The general conclusions that can be drawn within the premise of this investigation 
are as follows : 

1. Gap-graded concrete has higher modulus of elasticity than its equivalent contin
uously graded concrete. Because modulus of elasticity is inversely related to deforma
tions and deflections of a structure , higher modulus would mean higher structural 
stiffness and hence lesser elastic deformations and deflections under applied loads. 
Also, the higher the modulus, the lesser will be the loss in the initial prestressing force 
in pretensioned concrete members. 

2. For grade-separation structures, higher modulus of elasticity will permit shal
lower stringers and less gradient for overpasses. 

3. Under identical conditions, gap-graded concrete has less creep and shrinkage 
than the corresponding continuously graded concrete. This has special advantages in 
structural concrete under prestress . In a prestressed concrete member , creep and 
shrinkage act together to reduce the initial prestressing force. Any decrease in creep 
and shrinkage strains would decrease the loss of prestress. Because creep and shrink
age strains alone usually cause about 70 percent of the total losses in prestress, any 
reduction in this would be a significant advantage . 

4. In any indeterminate structure, small displacements of one member, whether 
they be due to creep or shrinkage , may give rise to additional stresses and moments 
in other members. Although, in concrete structures subjected to thermal gradients, 
creep and shrinkage will reduce stresses due to thermal rise, they will cumulate the 
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effects due to thermal fall. Such detrimental effects of creep and shrinkage will be much 
reduced when gap-graded concrete is used. 

5. Based on test data, equations have been derived for the determination of modulus 
of elasticity and creep strains for structural concrete in compression. The suggested 
equations for gap-graded concrete have also shown excellent agreement with the results 
previously obtained by Litvin and Pfeifer at PCA Laboratory. 

6. With regard to shrinkage, gap-graded concrete behaves in a manner similar to 
that of continuously graded concrete: Shrinkage increases as the strength of concrete or 
the water-cement ratio or the cement content is increased; and shrinkage decreases 
when larger size aggregates are used or when the aggregate-cement ratio is increased. 

7. The present test data have clearly shown the advantages of gap-graded concrete 
over continuously graded concrete. For the same cement content and equal workability, 
gap-graded concrete has higher compressive strength than continuously graded concrete. 
This would mean lower cement requirements. The test results show a possible savings 
in cement of about 30 percent. This investigation has further shown that gap-graded 
concrete is denser than the continuously graded counterpart of the same maximum-size 
coarse aggregate. 

These conclusions confirm the authors' previously published hypothesis. The authors 
recommend wider adoption of gap grading in concrete aggregates not only for the advan
tages mentioned here but also for a better adaptation to any naturally occurring aggre
gates that do not contain all the needed sizes and quantities for optimum continuous 
grading. 
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