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Recent theoretical and analytical advances concerned with pavement 
failures due to excessive tensile stresses or strains or both within the 
soil-pavement system have placed added emphasis on the investigation 
of tensile properties of highway construction materials. This study 
evaluates the factors and interactions affecting the tensile character
istics of cement-treated materials. Nine factors were investigated: 
cement content, molding water content, aggregate gradation, curing 
time, curing temperature, type of aggregate, type of curing, type of 
compaction, and compactive effort. The first five were investigated at 
3 levels and the last four at 2 levels in a statistically designed frac
tional factorial experiment. The parameter considered as a primary 
indicator of the tensile properties of cement-treated materials was the 
indirect tensile strength. An analysis of variance was used to deter
mine the significance of all main factors, 2-factor interactions, and 3-
factor interactions in the experiment, The highly significant effects 
(c. = 0.005) that are also of practical significance to the engineer are 
discussed in this paper, and tables of all additional factors and inter
actions significant at alpha levels of 1 and 5 percent are shown. A re
gression equation that predicts values of indirect tensile strength within 
the factor space defined by the experiment is presented. 

•THE INTEREST in the tensile properties of highway construction materials is rapidly 
expanding. The development and refinement of layered system analyses (1, 2) have 
focused attention on the tensile and elastic properties of the materials used Tn the struc
tural layers of a pavement system. A current failure hypothesis for highway pavements 
postulates that tensile cracking propagates from the bottom of a layer to the top. Anal
yses based on this hypothesis have verified its applicability but have been somewhat 
handicapped because information concerning the tensile properties of highway construc
tion materialA is pra".'.tically nonexistent, 

Historically, compressive testing techniques have been used to evaluate these mate
rials, and as a result there is a great deal of information concerning their compressive 
strength but little information concerning their tensile strength, This paper summarizes 
one phase of an overall research effort to evaluate the tensile properties of stabilized 
subbase materials for use in the design of rigid pavements, The primary objectives of 
the investigation Wfm, to determinP. thP. fadori, that have an effect on the tensile strength 
of cement-treated materials, to determine the nature of the effect, and to develop a pre
liminary estimate of the tensile strengths that can be developed by treating a material 
with portland cement. 

Paper sponsored by Committee on Soil-Portland Cement Stabilization and presented at the 49th Annual Meeting. 

64 



THE INDIRECT TENSILE TEST 

The indirect tensile test was chosen as 
a means of evaluating the tensile charac
teristics of stabilized materials. Bas
ically, this test involves the loading of a 
circular element with compressive loads 
acting along 2 opposite generators, as 
shown in Figure 1. This loading configura-
tion produces a relatively uniform tensile 
stress distribution perpendicular to and 
along a portion of the diametral plane con-
taining the applied load. Hudson and Ken-
nedy (,!) reported that, when the applied 
tensile stress exceeds the tensile strength 
of the stabilized materials, failure usually 
occurs by splitting along the load plane. 

The equipment used in this study con
sisted of a closed loop electrohydraulic 
system and a loading head. The load frame 
was a modified, commercially available 
shoe die with upper and lower platens con-
strained to remain parallel during testing. 
The vertical deformation o1 the specimen 
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was measured by a de linear variable
differential transducer that also controlled 
the rate of load application. Test data 

Figure 1. The indirect tensile test. 

were recorded in the form of a load-
deformation relationship on an X-Y plotter. Additional information 
equipment and testing techniques can be found elsewhere (!, !) . 

STATISTICAL DESIGN 

concerning the 

Statistical methods were used extensively in the experimental design and analysis in 
order to obtain maximum information from a reasonable number of tests. Previous ef
forts concerned with evaluating the strength characteristics of cement-treated materials 
generally have limited the number of factors investigated at one time to two or three 
while attempting to hold constant any additional factors that were thought to affect the 
material. Such experiments, although providing a great deal of information on the fac
tors investigated, do not allow the interaction effects of those factors being investigated 
with those held constant to be evaluated. (An interaction is the failure of 2 or more fac
tors to act independently of each other; i. e., the rate of change of a variable with respect 
to one factor is dependent on the level of magnitude of one or more additional factors.) 
Thus it was felt that as many factors as possible should be included in a given experi
ment in order that interaction effects as well as main effects could be evaluated. 

A detailed review of literature primarily involving compressive tests resulted in a 
list of factors that affect the strength of cement-treated materials. From this list, 9 
factors considered to be important and of practical significance to the designer were 
selected. Each of these factors was included in the experiment at 2 or more represen
tative levels (Table 1). 

The use of full factorial experiment designs would have allowed all main effects and 
their interactions to be evaluated and analyzed. In this case, however, a complete fac
torial experiment could not easily be conducted because with 5 factors at 3 levels and 
4 factors at 2 levels 3,888 specimens would have been required. Therefore, a one
fourth fractional factorial utilizing all factors at 2 levels was selected. By adopting 
this approach certain information was lost through confounding, a process "by which 
wrimportant comparisons are deliberately confused for the purpose of assessing the 
more impo1·tant comparisons with greater precision. Confounding is required in facto
rial experiments in which the number of observations capable of being carried out under 
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TADLE 1 strictly comparable conditions is less than 
the number required for the whole design" 
( 5). In this design all main effects and 2-
way interactions can be evaluated, but only 
selected 3-factor interactions are not con
founded and can be analyzed. 

FACTORS AND LEVELS SELECTED 

Molding water content, curing time, 
aggregate gradation, curing temperature, 
and cement content also had midpoint lev
els (Table 1). They were included in the 
experiment for use in the development of 
a predictive equation for indirect tensile 
strength through the use of regression 
techniques. In addition, 8 duplicate speci
mens were scattered randomly throughout 
the fractional factorial block to secure an 
estimate of the experimental error. The 
complete experiment included a total of 
180 specimens. 

A. 

B. 

c . 

D. 
E . 
F. 

G. 
H. 

J. 

Fador 

Molding water 
content, percent 
Curing time, 
days 
Aggrei,;ate grada-
ticm 
'fype of curing 
Aggregate type 
Curin~ tempera-
turet deg F 
Cornpaclive effort 
Type of compac-
tion 

Cement content, 
percent 

STATISTICAL INFERENCE 

Level 

Low Medium 

3 5 

7 14 

Coarse Medium 
Air-dried 

Gravel 

40 75 
Low 

Impact 

4 6 

High 

7 

21 

Fine 
Sealed 

Limestone 

110 
High 

Gyrato:ry 
shea:r 

8 

In this experiment, as in any other, the conclusions drawn are applicable only within 
the inference space of the population defined by the experiment design, i.e., within the 
range of combinations of values of the variables tested. No attempt should be made to 
apply the results outside of this particular inference space. 

The principal objective of this study was to determine which factors significantly af
fect the tensile strength of cement-treated materials. Those factors or interactions 
found to significantly affect the tensile strength at probability levels of 0.005, 0.01, and 
0.05 are given in Table 2. The effects o! all other factors and interactions were not 
considered to have practical significance to the engineer. The residual shown in the 
table is the pooled mean squares for those factors and interactions that were not signi
ficant. The error mean square term was calculated from the duplicate specimens and 
represents an estimate of true error. 

The relationships of the highly significant main factor interactions for tensile strength 
are i:;huwu iu Figun~s 2 Uu·uugh 12. The data points in these figures are the ave!'age 
values of strength for all specimens containing a given level or combination of levels 
for tho main effect or interaction. Midpoint meanlii are not included in the fii,ire.~ nr 
in the analysis of variance because the levels of the other factors are not the same as 
those for the high and low levels, and because the number of observations on the mid
point means cannot be compared to the endpoint means. 

Because there were interactions that significantly affected the tensile strength, they 
must be considered in order to analyze the behavior associated with specific combina
tions of factors. It is not adequate to consider the main effects alone without evaluation 
of thP. interaction effects; in this paper interactions will be discussed first. 

ANALYSIS OF VARIANCE 

Data given in Table 2 show that 35 factors and their interactions were found to sig
nificantly affect the tensile strength of cement-treated materials at a probability level 
of 0.05 or greater, with 18 of these at a probability level of 0.005. Not all of these ef
fects have practical significance; i.e., the effect may be measurable and under the con
trolled conditions of this test may be significant, but the effect is not large and probably 
makes little difference in the application of the results by engineers. Therefore, only 
those factors felt to be practically significant will be discussed. 

Because 2- and 3-way interactions produced signifir.ant effects, it is mandatory that 
the higher order interaction effects be considered first, because any observed effect is 
the result of interrelationships among the various main factors. Thus, main effects 
can be referred to only in terms of the average effect because the effect is dependent 



TABLE 2 

ANALYSIS OF VARIANCE FOR TENSILE STRENGTH 

Source of Degree of 
Variatlooa Freedom Mea.n Squares 

A 524,050 
D 142,607 
J 127,391 
E 108,056 
A.J 57,196 
AD 53,895 
DE 34,340 
G 29,248 
EJ 23,795 
AE 23,416 
DJ 18,760 
B 12,769 
AC 11,012 
)l 8,430 
ADJ 7,357 
AH 6,992 
EF 6,139 
AB 5,798 
DEJ 5,342 

AFHJ-BCGJ 4,399 
BG 4,337 
EG 4,223 
AEJ 4,212 
BC 3,230 
C 3,168 
AEF 2,587 
CDFJ 2,571 
AEG 2,422 
BDH 2,388 
CEH 2,165 
BEJ 2,128 
BDFJ 2,077 
BF 2,036 
CH 2,013 
BCJ 1,989 

Reslduo..l 92 464 
Within treatments 

treated alike 7 353 

aA-. molding water content D = type of curing 
B = curing time . E = aggregate type 
C Ir; a~9rega10 gradation F = curir1g temperature 

<00 

>00 

----

Sigruficance 
F-Value Level 

(percent) 

1480.00 0.5 
404.00 0.5 
361.00 0.5 
306.00 0.5 
162.00 0.5 
153.00 0.5 

97 .30 0.5 
62.90 0.5 
67.40 0.5 
66.30 0.5 
53.20 0.5 
36.20 0.5 
31.20 0.5 
23.90 0.5 
20.80 0.5 
19.80 0.5 
17 .40 0.5 
16.40 0.5 
15.10 1.0 
12.50 1.0 
12.30 1.0 
12.00 5.0 
11.Q0 5.0 

9.17 5.0 
8,98 5.0 
7 .33 5.0 
7 .28 5,0 
6.86 5.0 
6.77 5.0 
6.13 5.0 
6.03 5.0 
5.H8 5.0 
5.77 5.0 
5.70 5.0 
5.63 5,0 

G = compacti~ effort 
H = type of compaction 
J = cement <:or,tent 
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Figure 2. Effect of interaction among molding water content, type of 
curing, and cement content (interaction A X D x J). 

67 



68 

on the interactions existing for any combination of factors. On this basis, significant 
higher order interactions will be discussed first and main effects last. 

Three-Factor Interactions 

A total of nine 3-factor interactions was found to be significant at a probability level 
of 0.05; however, only one was significant at a probability level of 0.005. This highly 
significant 3-factor interaction involved molding water content, type of curing, and ce
ment content (interaction A x D x J). 

As shown in Figure 2, the tensile strength increased from the point of low cement 
content and low molding water content to the point of high cement content and high mold
ing moisture content; however, the increase was much greater for the increased mois
ture content than for increased cement content. Although the basic trends were the 
same regardless of the type of curing, the strength increases were much greater for 
specimens cured by sealing rather than air-drying. 

Two-Factor Interactions 

From a total of 36 analyzable 2-factor interactions, 15 were significant at a level of 
0.05 or greater, with 10 of theRe significant at a level of 0.005. These 10 highly signi
ficant 2-way interactions are discussed below and are shown in Figures 3 through 12. 

Molding Water Content and Cement Content (Interaction A x J)-It was observed that 
tensile strength increased with the increased molding water content (Fig. 3). The in
crease, however, was much greater for specimens containing the higher cement content. 
Likewise it can be noted that strength increased with increased cement content but that 
the increase was much greater for specimens compacted at a higher water content. 
Thus, it appears the beneficial effect of additional cement is limited unless there is an 
adequate supply of water for hydration of the cement. 

Molding Water Content and Type of Curing (Interaction A x D)-The increase in the 
molding water content resulted in a greater increase in strength for the specimens 
that were sealed during the curing period than for the specimens cured by air-drying 
(Fig. 4). Such a phenomenon is logical because increased water would be expected to 
increase the efficiency of the hydration process. In the case of the sealed specimens 
this increased water was retained for hydration of the cement, but in the air-dried speci
mens it was lost; thus, its benefit was not fully realized. 

Type of Curing and Aggregate Type (Interaction D x E)-It was found that the strength 
increase associated with changing the aggregate from gravel to limestone was much 
grealer fur lhe sealeu :,;pedrnem, U1an fni' the ail"-d1·ied specimens, although the strengths 
were greater for the limestone specimens in all cases (Fig. 5}. As previously noted, 
when the specimens were cured by sealing, more water was available for hydration, and 
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Figure 3. Effect of interaction between molding water 
content and cement content (interaction A X J L 

300 

~ 160 

J 
100 

! • 00 

0 

Figure 4. Effect of interaction between molding 
water content and type of curing {interaction A x D). 
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Figure 5. Effect of interaction between type of 
curing and aggregate type (interaction O x E). 
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Figure 6. Effect of interaction between aggregate 
type and cement content (interaction E x J). 

the result was an imp1·oved cement matrix. Apparently, the benefits of tbe improved 
matrix are more fully realized by the limestone aggregate, which can develop a better 
cement-aggregate bond due to its angularity and rough surface texture. 

Aggregate Type and Cement Content (Interaction E x J) - The strength increase as
sociated with the increased cement content was greater for specimens containing lime
s tone than for those containing gravel (Fig. 6). It is felt that this interaction effect 
illustrates once again that the limestone is able to benefit more from a stronger matrix 
than the r ounded gr avel. 

Molding Water Content and Aggregate Type (Interaction A x E)-Tbe strength increase 
associated with the increase in water content was greater for the limestone than for the 
gravel (Fig. 7). As in the case of the interaction of type of curing and aggregate type 
(Fig. 5), the limestone benefited mor e than the gravel from the improved matrix re
s ulting from better hydration. 

Type of Cul'ing and Cement Content (Interaction D x J)- The average strength in
creased with the increase in cement content in all specimens whether cured by sealing 
or by ai r - ch•ying (Fig. 8). The strength increase, however, was much greater for the 
s ealed specimens than for the air -dried specimens. Thus, the benefit of the increased 
cement content was more fully realized when the specimens were cu1·ed under the more 
ideal curing conditions. 
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Figure 7. Effect of interaction between molding 
water content and aggregate t ype !interaction A x E). 
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Figure 8. Effect of interaction between type of curing 
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Figure 9. Effect of interaction between molding 
water content and aggregate gradation (interaction 

AX C). 
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Figure 10. Effect of interaction between molding 
water content and type of compaction (interaction 

AX H). 

Molding Water Content and Aggregate Gradation (Interaction A x C)-It was found that 
a molding water content of 7 percent produced stronger specimens than 3 percent water 
but that the increase in strength was much greater for specimens containing a finely 
graded aggregate (Fig. 9). In addition, a change from finely graded aggregate to a 
coarse-graded aggregate produced a strength increase for specimens compacted at 3 
percent water, but the reverse was true for specimens compacted at 7 percent water. 

Molding Water Content and Type of Compaction (Interaction Ax H) -As in the previous 
interaction, the increased molding moisture content resulted in higher strengths; how
ever, the amount of this increase was dependent on the type of compaction, with impact 
compacted specimens producing a greater increase in strength than the gyratory shear 
specimens . 

Curing Temperature and Aggregate Type (Inter action E x F)-It appears that the in
creased curing temperature, from 40 to 110 F, produced higher tensile strengths for 
specimens containing gl'avel; however, there was little effect on the strength of the lime
s tone specimens (Fig. 11). 

Moldine Water Content and Curing Time (Interaction Ax B)-Incrcased water content 
at the time of molding 1·esulted in stronger specimens. Although specimens cured for 
21 days seemed to have larger strength gain than specimens cured 7 days, Figure 12 
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Figure 11. Effect of interaction between aggregate 
type and curing temperature (interaction E X F). 
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F i~ure 12. Effect of interaction between molding 
water content and curing time (interaction A x B). 
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shows that the difference in the rate of increase associated with the 2 different curing 
times is very small and of little practical significance. 

Main Effects 

Seven of the 9 main effects were found to be significant at a probability level of 0.005. 
It was found that the average indirect tensile strength was significantly increased by (a) 
increasing the molding water content from 3 to 7 percent (factor A); (b) sealed rather 
than air-dried curing (factor D); (c) increasing the cement content from 4 to 8 percent 
(factor J); (ct) using crushed limestone rathe r than rounded gravel aggregates (factor E); 
(e) using a high compactive effort (factor G); (f) curing for 21 days rather than 7 days 
(factor B); and (g) using impact compaction rather than gyratory shear compaction (fac
tor H). 

Evaluation and Discussion 

This experiment was designed to investigate, but not necessarily to explain, tlie 
causes of the effects produced by all 9 factors and their interactions. Nevertheless, it 
is desirable and possible to postulate the causes of the observed behavior and, in al
most all cases, to advance logical explanations for future consideration. By comparing 
the relative values of the m ean squares (Table 2), it can be seen that the water content 
during mixing and compaction was by far the most important factor affecting strength. 
In addition to its highly significant main effect, it is also involved in 6 highly significant 
2-factor interaction effects and one 3-factor interaction effect. It would appear that this 
effect is primarily concerned with the hydration process rather than with compaction or 
mixing, because in 4 of the 6 highly significant 2-way interactions, molding water con
tent is associated with a factor concerned with hydration, i.e., cement content, type of 
curing, aggregate type, and curing time. In these interactions it can be reasoned that 
the interaction is the result of improved hydration or the ability of the soil to benefit 
from improved hydration. Thus, the strength gain for increased molding water content 
was greater for higher cement contents, was greater for sealed specimens in which 
water was retained for hydration, was greater for limestone than for gravel because 
the rough surface texture of the limestone could develop a better bond with the improved 
matrix, and was greater for the longer curing time, which allowed better hydration to 
occur. The other 2 highly significant 2-way interactions involved aggregate gradation 
and type of compaction. Both had relatively low mean squares and were considered to 
be relatively unimportant in comparison to most other highly significant effects involv
ing molding water content. 

It may be noted that of the 9 factors chosen for investigation because of their apparent 
importance, 7 were found to produce highly significant effects. The remaining 2 factors, 
aggregate gradation and curing temperature, were judged to produce no effects of 
practical significance although aggregate gradation indicated some significance at the 
probability level of 0.05. It is not surprising that curing temperature did not produce 
a significant main effect because there was evidence that water needed for hydration was 
removed from the specimens at the upper level of temperature (110 F); Droplets of 
moisture condensed on the inside surface of the PVC wrap used to seal the specimens. 
Thus, the beneficial effect of increased curing temperature was offset by the loss of 
water associated with the increase in temperature. In general, any factor that could 
be expected to increase the strength of the cement matrix or improve the bond between 
the cement matrix and soil particles resulted in increased strengths. 

REGRESSION ANALYSIS 

A stepwise regression analysis was conducted in order to develop a predictive equa
tion for indirect tensile strength. The high and low levels as well as the applicable 
intermediate levels of all factors were used as input data. From this analysis a pre
dictive equation was developed allowing the indirect tensile strength to be estimated 
within some standard error for the inference space defined by this experiment. The re
gression equation obtained for the indirect tensile strength is 
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ST - 110.85 - 21.35Ei + 20.68AiJi + 1.25AiEiJi + 11.31DiEi 

- 4.70A/ - 1.63AiJi2 + 0.15A/Di + 0.30Ai2Hi + 1.22AiCi 

- 0.05Bi2Gi 

where 

ST = predicted value of indirect tensile strength, in psi, 
A, B, C, D, E, G, H, J = factors considered for prediction, and 

i = level of the factor (Table 3). 

The multiple correlation coefficient for the tensile strength predictive equation is 
R = 0. 9 5, and the standard error of the estimate is equal to ± 32 .0. The lack of fit of 
this regression equation is not significant at a probability alpha level of 0.05 and is not 

TABLE 3 

LEVELS OF FACTORS USED IN 
REGRESSION EQUATIONS 

Fae.tor 

A. Molding waler content 

B . Cur Ing time 

C • Aggr c gate gr adali on 

D. Type uf curing 

E. Type or aggregate 

F, Curing tcmper~dure 

G. Compadive ~rfnrt 

H. Type of compaction 

J, C'ement content 

Description 

a percent 
5 percent 
7 perc.;.ent 

7 days 
14 days 
21 days 

Coarse 
Medium 
Fine 

Air-dried 
Sealed 

Rounded gravel 
Crushed limestone 

40 F 
75 F 
110 F 

L(IW 

High 

Rainhart impact 
Gyratory shear 

4 perc~nt 
6 percent 
8 percent 

Level 

A, = 3 
Al = 5 
A, - 7 

13, = 7 
B 1 = 14 
B, = 21 

c, = 0 
c, = 1 
c, - 2 

D
0 

- 0 
D, = 2 

E 0 = 0 
E, - 2 

F
0 

- 40 
F 1 - 75 
F, - 110 

G 0 - 0 
<J, = 2 

H, - 2 
H, = 0 

J, • 4 
~TL =-- fi 
,J z ~ H 

considered critical. The equation is only 
valid for predictive purposes within the 
factor space studied, which is a function 
of all factors and levels studied. Any at
tempt to extrapolate beyond the factor space 
with the regression equation may of course 
introduce conditions not investigated here 
and may result in erroneous predictions. 

Furthermore, the factors ru1d inter
actions included in the predictive equation 
are not identical to those shown to be highly 
significant by the analysis of variance. 
This is partially because of the fact that 
an additional level for each factor was in
cluded in the regression analysis; thus the 
data for the 2 analyses were not the same. 
A second cause is that the predictive equa
tion is concerned only with those variables 
and combinations of variables that provide 
the best estimate of the dependent variable. 
Hence, if 2 independent variables (factors) 
are highly correlated, the regression anal
ysis may include only one of them. 

SUMMARY 

The results of this study of tensile prop
erties of cement-treated materials can be 
summarized as follows: 

1. Seven of the 9 factors evaluated produced significant main effects on the indirect 
tensile strength at a probability level of 0.005. 

2. Ten of the 3 6 two-factor interactions evaluated produced significant effects on the 
indirect tensile strength at a probability level of 0.005. 

3. One 3-factor interaction was found to be significant at a probability level of 0.005. 
4. The large number of interactions significant at a probability level of 0.005 indi

cate the complexity of the relationships between tensile strength and the fact.ors involved. 
5. In addition to these highly significant effects, 1 main effect, 4 two-factor inter

actions, 7 three-factor interaction effects, and 2 four-factor interaction effects were 
foWld to be significant at a level of 0.05. 

6. Curing temperature was the only factor that did not produce a significant main 
effect at a level of 0.05. This should not be interpreted to mean that curing temperature 
was not important because there was evidence that moisture needed for hydration was 
driven from the specimens cured at 110 F, and the benefits of increased temperature 
may have been offset by the loss of moisture. 

7. Molding water content was the most important factor affecting the strength of the 
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cement-treated materials because it was a highly significant main effect anq was involved 
in 6 of the 10 highly significant 2-factor interaction effects. 

8. Increased molding water content resulted in significantly higher strengths appar
ently because of improved hydration rather than improved compaction. 

9. In general, any factor that could be expected to increase the strength of the ce
ment matrix or improve the bond between the cement matrix and soil particles resulted 
in increased strengths. 

10. In evaluating the effects produced by various factors, it is not adequate to infer 
only from main effects; rather one must consider the interactions between the factors 
involved, in order to predict tensile strength. 
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Appendix 1 

TYPES OF GRADATIONS USED IN THE EXPERIMENT 

Sieve Size 

Passing 2 inch 

Passing 1-3/4 inch 

Passing 1·3/4 inch 
Retained 7/8 incr 

COARSE GRADATION· Type A 

Texas Highway Department 
Specifications,* 
Percent bv Weight 

100 

95-100 

Gradation Used, 
Percent by Weight 

100 

100 

0 
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Passing 7/8 inch 
Retained 3/8 inch 15-40 26 

Passing 3/8 inch 
Retairted No. 4 10-25 21 

Passing No. 4 
Retained No. 10 5-20 15 

Total Retained on No. 10 65-80 62 

Passing No. 10 
Retained No. 40 0-20 15 

Passing No. 40 
Retained No. 80 3-15 5 

Passing No. 80' 
Retained No. 200 2-15 8 

Passing No. 200 0-8 10 

Passing 1/2 inch 100 98 

Passing 3/8 inch 95-100 95 

Passing 3/8 inch 
Retained No. 4 20-50 20 

Passing No. 4 
Retained· No. 10 10-30 15 

Total Retained No, 10 60-75 40 

Passing No. 10 
Retained No. 40 0-30 30 

Passing No. 40 
Retained No. 80 4-25 10 

Passing No. 80 
ReLalni!d Nu. 200 J•25 10 

Passing No. 200 0-8 10 

*"Standard Specifica tione for Road and Bridge Constl"uction," Texas Highwa~ 
Department, 1g62. 
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Appendix 2 
TREATMENT COMBINATIONS 

S,>ec imen Test Level of Factor1 

Number ~ A B C D E F G H J 

l 91 -1 +l -1 +l -1 -1 -1 +l +l 

2 36 0 0 -1 -1 -1 0 -1 -1 0 

3 l -1 -1 -1 -1 -1 -1 -1 -1 -1 

4 92 +l +l -1 -1 -1 -1 -1 -1 +l 

5 93 -1 +1 -1 -1 +l -1 -1 +l -1 

6 94 0 +l 0 +l +l 0 +l -;--1 0 

7 2 -1 -1 -1 +l +l +l -1 +l +l 

8 37 0 0 0 -1 -1 0 -1 -1 +l 

9 3 fl -1 -1 -1 +l +l +l +l +l 

10 95 +l +l -1 +l +l -1 +l +l -1 

11 96 +l +l +l -1 +l -1 -1 +l +l 

12 97 +1 +1 +l +l -1 -1 -1 +1 -1 

13 38 0 0 0 -1 -1 0 -1 -1 0 

14 98 -1 +l -1 +l -1 +l -1 -1 +l 

15 99 -1 +l +l +l +l -1 -1 -1 -1 

16 4 +l -1 +1 -1 -l.. -1 +l +l -1 

17 39 0 0 +l +l +l 0 +l +l 0 

18 40 0 0 0 +l +l 0 +l +l 0 

19 5 -1 -1 -1 +l +I -1 -1 -1 -1 

20 100 -1 +l -1 -1 +1 +l +l +1 +l 

21 6 +l -1 -1 -1 +l -1 -1 +l -1 

22 101 +l +l +l +l -1 -1 +l -1 +l 

23 102 +l +l -1' +l +l +l +l -1 -1 

24 103 -1 +l +l +l +1 -1 +l +l +l 

25 104 +l +l -1 +l +l +l -1 +l +l 

26 7 0 -1 0 +l +l 0 +l +l 0 

27 105 -1 +l +l +l +l +I +l -1 +l 

28 8 +l -1 +l -1 -1 +l -1 +l +l 

29 106 +l +l -1 +l +l -1 -1 -1 +l 

JO·k 41 0 0 0 -1 -1 0 -1 -1 0 

31 9 +1 -1 +l -1 -1 -1 -1 -1 +l 

32 107 -1 +l +l +l +l +l -1 +l -1 

33 108 0 +l 0 -1 -1 0 -1 -1 0 

34 109 -1 +l -1 +l -1 +l +l +l -1 

35 10 +l -1 +l +l +l -1 -1 -1 -1 

36 11 -1 -1 -1 +l +l -1 +l +1 -1 

37 12 -1 -1 +l -1 +l +l +l +l -1 

38 13 -1 -1 +1 -1 +l -1 -1 +l +l 

39 14 +l -1 +l +l +l -1 +l +l +l 
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40 15 -1 -1 +1 ~1 +l +l -1 -1 +l 

41 110 -1 +l -1 -1 +l -1 +l -1 +l 

42 16 -1 -1 +l +1 -1 ·-1 -1 +l -1 

43 42 +l 0 0 +l +l 0 +l +l 0 

44 43 -1 0 0 -1 -1 0 -1 -1 0 

45 17 -1 -1 +1 +l' -1 +l -1 -1 -1 

46 18 0 -1 0 -1 -1 0 -1 -1 0 

47 44 0 0 0 -1 -1 +l -1 -1 0 

48 19 ~1 -1 +1 +l -1 -1 +1 -1 +l 

49 20 +1 -1 +1 -1 -1 +l +l -1 -1 

50 45 0 0 0 +l +l 0 +l +l +1 

51 46 0 0 0 +l +l +l +l +l 0 

52 47 0 0 -1 +1 +l 0 +l +l 0 

53 111 -1 +1 -1 -1 +l +l -1 -1 -1 

54 112 +l +1 +1 +l -1 +1 +1 +1 +1 

55 113 +l +1 +1 -1 +l +1 +l +l -1 

56 21 +l -1 +l +l +l +1 +l -1 -1 

17 114 +l +l -1 -1 -1 +1 -1 +l -1 

51> 48 0 0 0 -1 -1 0 -1 -1 -1 

5'J 49 0 0 0 +l. +1 0 +l +1 - 1 

60 22 +1 -1 -1 -1 +l +l -1 -1 - 1 

61 23 -1 -1 +1 +l -1 +1 +l +1 +1 

G2* 50 0 0 0 +l +l 0 +l +1 0 

63 51 0 0 0 -1 -1 -1 -1 -1 0 

64 115 +1 +l +1 +l -1 +l -1 -1 - 1 

65 21, -1 -1 -1 -1 -1 +1 -1 +l - 1 

66 116 +1 +l +l -1 +l +l -1 -1 + l 

67 52 0 0 +1 -1 -1 0 -1 -1 0 

68 25 -1 -1 +l -1 +l -1 +l -1 - 1 

69 26 -1 -1 -1 +l +l +l +l -1 - 1 

70 117 -1 +l +1 -1 -1 +l -1 +l +l 

71* 118 +l +l +l -1 +l +l -1 -1 +l 

72 119 +l +l -1 -1 -1 -1 +1 +1 +l 

73 27 +l -1 -'1 +l -1 +l -1 -1 +l 

74 l2CT -1 +l +l -1 -1 +l +1 -1 +l 

75 20 +l -1 -1 +1 -1 +l +1 +l -1 

76 29 +l -1 +l +l +l +l -1 +l -1 

77 30 -1 -1 -1 -1 -1 +l +l -1 +l 

78 53 0 0 0 +l +l -1 +l +l 0 

79 121 -1 +l +l -1 -1 -1 -1 -1 +l 

80* 31 +l -1 -1 +l -1 +l +l +l -1 

81 54 -1 0 0 +l +l 0 +l +l 0 

82 32 +1 -1 -1 +l -1 -1 -1 +l +l 

83 33 +1 -1 -1 -1 +l -1 +l -1 +l 
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84 122 -1 +l -1 +l -1 -1 +l -1 -1 

85 123 +l +l +l -1 +l -1 +l -1 -l 

86 34 +l -1 -1 +l -1 -1 +l -1 -1 

87 35 -1 -1 -1 -1 -1 -1 +l +1 +l 

88 55 +l 0 0 -1 -1 0 -1 -1 0 

89 124 +l +1 -1 -1 -1 +l +l -1 +l 

90 125 -1 +l +1 -1 -1 -1 +l +l -1 

91 126 +l 0 0 +l +l 0 +l +l 0 

92 56 +l -1 +l +l +l -1 +l +l -1 

93 145 +l +l +l +l -1 -1 +l -1 -1 

94 57 -1 -1 +l -1 +l +l -1 -1 -1 

95 58 -1 -1 +l -1 +l -1 +l -1 +l 

96 146 -1 +l -1 -1 +1 +1 +l +l -1 

97 147 +1 +1 -1 +l +1 +l -1 +l -1 

98 148 +l +l +l -1 +1 +l -1 -1 -1 

99 59 +l -1 +l +l +l +l +l -1 +1 

100 60 +l -1 +l -1 -1 +l -1 +l -1 

101 61 -1 -1 +l +l -1 -1 +l -1 -1 

102 149 +l +l -1 +1 +l -1 +l +l +l 

103 150 -1 +1 +1 -1 -1 +1 +l -1 -1 

104 151 -1 +1 +l +l +l -1 +l +l -1 

105 127 0 0 0 +l +1 +l +l +l 0 

106 62 -1 -1 +1 +l -1 +1 +l +l .,_1 

107 152 -1 +l +1 -1 -1 -1 -1 -1 -1 

108 63 +l -1 +l +l +l -1 -1 -1 +l 

109 64 0 -1 0 +l +1 0 +l +l 0 

110 153 -1 +l +l +l +l -1 -1 -1 +l 

111 128 0 0 0 +l +l -1 +l +l 0 

112 154 -1 +1 +l -1 -1 -1 +1 +l +l 

113 65 -1 -1 -1 +l +l -1 +l +l +l 

114 66 +1 -1 +1 -1 -1 -1 -1 -1 -1 

115 129 0 0 0 -1 -1 0 -1 -1 -1 

116 67 +l -1 -1 +l -1 -1 -1 +l -1 

117 130 0 0 0 -1 -1 -1 -1 -1 0 

118 68 +1 -1 -1 +l -1 -1 +l -1 +l 

119 155 -1 +1 -1 -1 +l -1 +l -1 -1 

120 69 -1 -1 +l -1 +l -1 -1 +l -1 

121 70 +l -1 -1 -1 +l +1 +l +l -1 

122 156 0 +l 0 -1 -1 0 -1 -1 0 

123 131 0 0 0 -1 -1 0 -1 -1 0 

124 71 -1 -1 +l -1 +l +l +l +1 +1 

125 157 -1 +l -1 +l -1 -1 -1 +l -1 

126 158 +1 +l -1 -1 -1 +l "-1 +l +1 

127 159 +1 +l +l -1 +l +1 +l +l +1 
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128 160 +l +1 +l +l -1 +1 -1 -1 +1 
129 132 +l 0 0 -1 -1 0 -1 -1 0 

130 161 +l +l -1 +l +l +l +l -1 +l 

131 72 -1 -1 -1 -1 -1 +l -1 +l +l 
132 162 +l +l -1 -1 -1 -1 +1 +1 -1 
133 73 -1 -1 -1 -1 -1 +1 +1 -1 -1 

134 163 +l +l +l -1 +l -1 -1 +l -1 

135 74 +l -1 -1 +l -1 +l -1 -l -1 
136 75 -1 -1 -1 +l +l -1 -1 -1 +l 
137 76 0 -1 0 -1 -1 0 -1 -1 0 

138 133 0 0 -1 -1 -1 0 -1 -1 0 

139 134 0 0 0 -1 -1 +l -1 -1 0 

140 77 +l -1 -1 -1 +l -1 +l -1 -1 

141 78 -1 -1 +l +l -1 -1 -1 +l +l 
142 164 -1 +l +l +1 +l +l -1 +l +l 
143 165 -1 ·tl +l +l +l +l +l -1 -1 
144 166 +l -tl +l +l -1 +l +l +1 -1 

145* 79 -1 -1 -1 +l +l -1 +l +l +l 
146 so +l -1 -1 -1 +l -1 -1 +l +l 

147 81 -1 -1 +l +l -1 +l -1 -1 +l 
148 167 +l +1 +l +l -1 -1 -1 +1 +1 

149 135 0 0 0 -1 -1 0 -1 -1 +l 

150>~ HR -1 +1 +7 +1 +T - l +l +l -1 
151 82 +l -1 +l -1 -1 +1 +l -1 +1 
152 169' 0 +l 0 +l +l 0 +l +1 0 

153 83 +1 -1 -1 -1 +l +l -1 -1 +l 

154 84 +l -1 +l +1 +l +l -1 +1 +l 

155;, 170 0 +l 0 -l -1 0 -1 -1 0 

156 171 +l +l - 1 +l +l -1 - 1 -1 -1 

157 136 0 0 +1 -1 -1 0 -1 -1 0 

158 172 -1 +l +1 -~ -1 +l -1 +l -1 

159 173 -1 +l -1 -1 +l +l -1 -1 +l 
160 174 -1 +l -1 +l -1 +l +l +l +l 

161 137 0 0 -1 +l +l 0 +1 +l 0 

162 175 -1 +l -1 +l -1 +l -1 -1 -1 

163 176 +l +1 -1 -1 -1 -1 -1 -1 -1 

164 85 -1 -1 -1 -1 -1 -1 -1 -1 +l 

165 138 0 0 +l +l +l 0 +l +l 0 

166 86 +l -1 -1 +l -1 +1 +l +l +l 

167 177" +l +l +l -1 +l -1 +l -1 +l 

168 139 -1 0 0 +l +l 0 +l +1 0 

169 178 -1 +l -1 -1 +l -1 -1 +l +l 

170 87 -1 -1 -1 +l +l +l "l +l -1 

171 140 -1 0 0 -1 -1 0 -1 -1 0 
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172 88 -1 -1 -1 +1 +l +l +1 -1 +l 

173 141 0 0 0 +l +l 0 +l +1 -1 

174 179 -1 +l --1 +l -1 ·l +l -1 +l 

175 180 +l +1 -1 -1 -1 +l +l -1 -1 

17 6i< 142 0 0 0 -1 -1 0 -1 -1 -1 

177 143 0 0 0 +l +l 0 +l +l 0 

178 144 0 0 0 +l +l 0 +l +l +1 

179 89 +l -1 +l -1 -1 -1 +l +l +l 

180 90 -1 -1 -1 -1 -1 -1 +l +1 -1 

''Duplicate specimens. 
1L~ve1 of Facto,:-

-1 Low Level 
0 Middle Level 

+l High Level 

Appendix 3 

EXPERIMENTAL RESULTS 

Indirect Indirect 
Tensile Tensile 

Specimen No. Strength, psi Specimen No. Strength, psi 

1 34.7 46 74.3 
2 126 .4 47 113. 7 
3 20.3 48 39.4 
4 174.6 49 72 .2 
5 14.3 50 225 .4 
6 248. 9 51 272 .5 
7 123.3 52 243.3 
8 140.5 53 25.3 
9 212 .0 54 238.0 

10 257 .2 55 91.6 
11 174 .6 56 242.6 
12 90.5 57 103.1 
13,, 139 .o 58 111.3 
14 39.3 59 187.7 
15 54.1 60 101.9 
16 so.a 61 84.9 
17 268.9 62* 206.5 
18* 252.0 63 105.7 
19 57.8 64 183.S 
20 66.6 65 40.4 
21 103.8 ' 66* 190.S 
22 237.9 67 137.6 
23 290.7 68 60.4 
24 197.5 . 69 99.6 
25, 366.5 70 32.3 
26 260.2 71* 202.6 
27 157.5 72 134.0 
28 115 .6 73 283.2 
29 431.8 74 70.9 
30* 129 .3 75* 127. 7 
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31 118. 0 76 114.8 
32 80. 8 77 70.5 
33 89. 8 78 212. 9 
34 44. 0 79 37.0 
35 169 . 6 80* 145 .4 
36 74. 2 81 102 .1 
37 41. 6 82 139.B 
38 68. 0 83 221.7 
39 364 . 1 84 57.0 
40 57. 7 85 162.4 
41 86.4 S6 131.1 
42 27. 0 87 45.2 
43 316 . o 88 169.4 
44 41. l 89 251.8 
45 53. 7 90 100. l 
91 375. 2 136 102.8 
92 196. 8 137 122 .6 
93 117. l 138 113.4 
94 47. 1 139 106.9 
95 41. 4 140 147.2 
96 44. 8 141 48.0 
97 175.8 142 77 .o 
98 96 . o 143 132. 9 
99 385. 3 144 159.1 

100 63. 7 145* 82.3 
101 26. 0 146 14 7 .5 
102 497 . 1 14 7 55.0 
103 54 . 3 148 207 .4 
104,~ 70. 9 149 113. 9 
105 259. 2 150* 74,S 
106 71. 8 151 122 .0 
107 41. l 152 170.3 
108 374. 3 153 128.2 
109 254 . 1 154 365.1 
110 106 . 3 155* 93.5 
111 245. 6 156 197.8 
112 54. 7 157 104,5 
113* 105.6 158 26.4 
114 63. 8 159 59.5 
115* 98. l 160 74. 7 
116 108. 5 161 192.3 
117 98. 0 162 37.0 
110 283. 3 163 123.0 
119 62 . 0 164 13. l 
120 40. 6 165 303.8 
121 93. 1 166 247.5 
122* 136. 8 167 291.2 
123 115 . 5 168 108.3 
124 n3. 7 169 73.l 
125 30. 9 170 40.4 
126 127. 1 1" '. 42 . 0 
127 227. 6 172 146.4 
128 142.4 173 233 .5 
129 157. 8 174 43,6 
130 495. 5 175 162.9 
131 39. 6 176* 92.4 
132 88. 0 177 280,2 
133 50. 3 178 252.8 
134 125. 9 179 68.0 
135 180. 3 180 22,4 

*Duplicate specimens. 




