

















PREFACE

This study was conducted in the Department of Civil Engineering of
the University of 111inois at Urbana-Champaign. The study was supported by
the Federal Railroad Administration, Department of Transportation through
contract No. DOT FR 30022, under the technical direction of Mr. William N.
Lucke. Project coordinator at the University of I1linois was Dr. Star 2y L.

Paul.

1at-unit format is employed in the presentation of all data,
figures, and tables included in this report. Data and tables are presented
in the English system, with International System of Units (SI) values included
in parentheses. Large tables are presented with SI values in a separate table,
For example, the English values may be presented in Table 3 and the SI values

in Table 3-SI. Figures are presented with auxiliary scales for SI units.
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A --cond quick setting cement used was Duracal, a product of
U.S. Gypsum Co. Duracal cement is a blend of portland cement type 5 and
a special gypsum. The Duracal cement during the work reported here was
from the third, fourth, and fifth shipments received for research at the
University of I11inois and will be referenced as Duracal 3, 4 and 5 as
appropriate.

In some of the experimental work commercially available portland

cement type 1 was used for purposes of comparison.
2.2.3 FIBER

Fibrous reinforcement used in all the experimental work reported
herein was U.S. Steel Fibercon 0.010-in. by 0.022-in. by 1-in. (250-um by

560-um by 25-mm} st--1 fiber.
Z2.2.4 ADMIXTURES

Citric acid was used with requlated-set cement as a retarder.
Other experimental ¢ “~ixtures were used and are described elsewhere as

~ required.
2.3 MIX DESIGN

Mix designs for steel fiber reinforced, regulated-set cement con-
cretes are shown in Table 2.3, To obtain necessary handling time water
was either precooled to approximately 35 F (2 C) or added as a mixture of
40 percent liquid and 60 percent crushed ice. Mix designs for major portions

of the testing of steel fiber reinforced Duracal cement concrete also appzar
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CHAPTER 3
TIME-DEPENDENT BEHAVIOR OF HARDENED FIBROUS CONCRETE
3.1 STRENGTH-TIME
3.7.1 INTRODUCTION

The increase of concrete strength with time is of significant
interest to designers and constructors of any structure. Concretes with
rapid setting cements, such as required for the extruded tunnel liner
system (Parker, et al., 1971), require significant knowledge of early
strength characteristics.

The strength-time development of steel fiber reinforced, regulated-
set cement concretes has been reported for compression and flexure by pre-
vious investigators (Parker, et al., 1973; Paul, et al., 1974).

The scope of the current investigation in strength-time behavior
is to determine the characteristics of steel fiber reinforced, Duracal ce-

ment concy e,
3.1.2 RESEARCH PROGRAM

The materials used in the strength-time investigation are described
in Section 2.2. The cement was Duracal 5. The mix design appears in Table

2.3,

Seven separate casts were required to have a sufficient number of
specimens for the complete investigation. The wet-mix properties of each

cast is reported in Table 3.1.




































TABLE 3.6

CREEP TEST RESULTS

Compressive strength

at loading, psi (MPa)

Instantaneous elastic strain, e
pwoin./in. {um/m)

"1-day creep strain,

Loin./in, (um/m)

90-day creep strain,

u in./in. (um/m)

1-yr creep strain

u in./in, {(pm/m)

Creep rate, F(k)
woin./in, (um/m)

Reg-set 3 Duracal 3
7720 (53.3) 3440 (23.7
0 230 280
120 70
650 660
820 800
135 140

cylinders, creep strains of interest and constants for the U. S. |

of Reclamation (1955) equation

where

0

+ FA(K) In {t + 1)

total strain, u in./in. (um/m)

instantaneous elastic strain, u in./in. {(um/m)

creep rate, p in./in. (um/m)

time after loading, days

reau

(3.1}












shown in Fig. 4.2. Measurement of strain with an unbonded rather than a
bonded gage was chosen to give an accurate measure of the average lateral

strain, independent of minor local failures on the cylinder surface.
4.3,2 RESULTS

The resulting values of Poisson's ratio and Young's modulus corre-
sponding to the various mixes and direction of vibration are shown in Table
4.1. These quantities were determined according to ASTM C-463. The values
indicated in the table are the average of three separate tests.

The results indicate that Poisson's ratio, v, was not influenced
by any of the variables and that it can be taken as 0.14 = 0.02.

The values of a secant Young's modulus in compression, Ec’ shown
in Table 4.1 indicate that EC is higher for the regulated-set cement con-
crete than the Duracal cement concrete for corresponding fiber contents and
orientations. The results also indicate a definite dependence of EC on
fiber orientation. The values of EC within a batch were consistently higher
in the cylinders for which the tendency of fiber orientation was parallel
to the longitudinal axis than those in which the tendency of orientation was
perpendicular to the longitudinal axis. However, the compressive strengths
were higher in the cylinders with fiber orientation perpendicular to the

longitudinal axis.
4,.3.3 CONCLUSIONS

The results seem to indicate that Poisson'’s ratio is insensitive

to difference in cement, fiber percentage, and direction of fiber orientation.
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TABLE 4.1

COMPRESSIVE YC'™G'S MODULUS AND POISSON'S RATIO

FOR tXPERIMENTAL CONCRETES

Direction .

Fiber of f Ly

content, Cemept vibration -

nevcent : psi (MPa} psi (MPa; 1 xsi (GPaj

0.9 Duracal Horizontal 3440 .4) 5.36)  3.37 {23.2) 0.
Vertical 4040 .9) 3.04 (21.0) 0.

1.2 Duracal Horizontal 3840 .5) 95) 3.13 {27.6) O.
Vertical 4190 {28.9) 2.953 {26.2) 0.

1.5 Duracal Horizontal 3870 ) .56} 3.23 {z2.3) 0.
Vertical 4210 .0) 2.96 (20.4) 0.

G.9 Reg-set Horizontal 5610 7) .03) 3.53 {24.3) 0.
Vertical 6460 .5) 3.06 {21.1) 0.

1.2 Reg-set Horizontal 6570 .3) 45) 3.82 (26.3) 0.
Vertical 7250 .0) 3.47 {23.9) 0.

1.5 I j-set Horizontal 6390 1) 55) 3.58 {25.4) 0.
Vertical 6870 ) 3.19 (22.0) 0.

Further, it tends to be lower

hibiting lateral expansion of

ticity shows a definite dependence on fiber orientation. The values given
her for EC and v seem to be representative of those that can be used in
design for thé particular mixes studied. Speculaticn as to representative
values of these quantities over a wide range of compressive strengths is

impossible due to the narrow regions of compressive strength dealt with

in this study.

i

the composite material.

than for plain concrete due to the fibers in-

The modulus of elas-
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Since reading of the strain geges and dial indicators at failure
wiss impinsible, the values of all gage readings corresponding to ‘ailure were
sheained by plotting the readings against load and extrapolating to the failuve
1.ad. Within each fiber group specimens were tested at eccent:ilities of
a4y, 0.5, 1.75 and 3.0 in. (0. 13, 44 and 76 mm). Previc - -:zaich {Faul,
. al., 1974) indicat:d that these points would be sufficient to cefive t

gitimate interaction diagram for a given fiber percentage.
4,4,3 RESULTS

The ultimate interaction diagrams for Duracal cement corgrete
with fiber contents of 0.9, 1.2 and 1.5 percent are shown in Fige. 4.5,

4.6 and 4,7, respectively. It will be noted that there is an additignal
point on each of these graphs at the pure flexural loading paint. This a fi-
tignal point was found from the results of the 6-in. by 6-in. by sd4-in.
115G~mm by 150-mm by 1625-mm; beams tests used for the determinaticn of the
rensile stress-strain relationships. A comprehensive summary of the resit s
of the beam-column tests is given in Table 4.2. Typical strain distribut ons
acrnss the cross section at failure are shown in Fig. 4.8 for the fTour be n-
colisins containing 0.9 percent Tiber.

I11lus*rations of the types of failures indicated for the specimens
are shown in Figs. 4.9, 4.70 and 4.11. The ranges of relative eccentric’ vy,
e/d. ovar which these types of failure can be expected to cccur have been
nreviously determined {Paul, et al., 1974) to be 0.0 to 0.25 for compression
failures, 0.25 to 0.33 for compression-tension failure, and greater than

0.33 for tension failures. The compression failures are characterized by
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TABLE 4,2
RESULTS OF 8EAM-COLUMN TESTS

Age ode
Specimen at Fiber p M Ae Compressive  Flexural €t of
test, content, in.-kips strength, strei th Y fai re
days percent in.{mm} kips{kN) (kNem) din.(mm)} psi {MPa) psi(MPa)
MI-D-0,.9A 28 0.9 0.0 90.48 1.27 0.0714 3570 642 0.00209 C
{0.0) (402.5) (0.143) (0.36) (24.6) (4.43)
MI-0-0. 28 0.9 .50 69.40 39,38 0.068 3530 666 0.00266 C
{(12.70) (308.7) {4.449) {1.73) (24.3) {4.59)
MI-D-0.9C 28 0.9 1.7% 43.50 80.54 0.1 2 3540 658 0.00205 CT
(44.45) (193.5) {9.100) (2.59) (24.4) {4,54)
Mi-D-0.90 28 0.9 3.00 14, 31 44 .15 0.085 3560 585 -—- T
(76.20) (63.7) {4.988) (2.16) (24.6) (4.03)
MI-0-1.2A 28 1.2 0.0 93.70 1.69 0.018 4010 723 0.00174 ¢
(0.0) (416.8) (0.191) {0.46). {27.7) (4.98)
MI-D-1.2B 28 1.2 50 74.77 43.67 0.084 3680 772 0.00253 ¢
(12.70})  (332.6) (4.934) (2.13) (25.4) (5.32)
MI-0-1.2C 28 1.2 1.75 41,48 77.51 g.121 3830 823 0.00262 ]
{44.45) (184.5) (8.757) (3.07) (26.4) (5.67)
MI-D-1.2D 28 1.2 3.00 17.48 53.91 0.086 3780 8396 - T
{76.20) {77.8) (6.091) (2.18) (26.1} {6.18)
MI-D-1,5A 28 1.5 0.0 90.45 1.56 0.001 3970 384 0.00172 ¢
(0.0) (402.3) (0.176} (0.03) (27.4) {(6.78)}
MI-0-1.5B 28 1.5 0.50 77.89 44 .09 (.066 3940 921 0.002M C
(12.70) {346.5) {5.981) {1.68) {27.2) (6.35)
MI-0-1.5C 28 1.5 1.75 44 49 83.82 0.134 3880 885 0.00272 cT
{44.45) (167.9) (9.470) (3.40) (26.8) (6.10)
MI-D-T.5D 28 1.5 3.00 20.39 63.27 103 3840 942 -~ T
(76.20) {90.7) (7.149) (2.62) {26.5) {6.49)

C denotes a compression failure; (

T denotes a tension failure.

denotes a combined tension and compression failure and
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as sumption. When using the convention of a fully developed compressive
stress block, the values of a and 3 associated with these mixes can be con
sidered to be 0.54 and 0.40, respectively.

4.5 TENSILE STRESS-STRAIN BEHAVYIOR IN FLEXURE FOR STEEL FIBER REINFORCED
DURACAL CEMENT CONCRETE

4,5.1 SPECIMEN DESCRIPTION

A series of 6-in. by 6-in. by 64-in. (150-mm by 150-mm by 1625-mm)
beams was tested to determine the generalized tensile stress-strain behavior,
the behavior of an element of the beam around a crack. With each set of
three large beams three 4-in. (100-mm) cylinders and three 3-in. (75-mm)
standard flexural specimens were cast as control. The large beams were
cast in a horizontal position and vibrated externally so as not to disturb

fiber orientation at points by internal vibration.

4,5.2 TESTING PROCEDURE

A 6-in. by 6-in. by 64-in. (150-mm by 150-mm by 1625-mm) flexural
specimen under test is shown in Fig. 4.13. The distance between the outer
simple supports was 60 in. (1525 mm) and the length of the section under
pure flexure was 40 in. {1015 mm). The deflections of the central portion
of the beam were measured at the center and 18 in. (457 mm) each side of the
center by cantilevered deflection gages. In this way, only the center de-
flection of a 36-in. (915 mm) segment under pure flexural loading was used
in the analysis. This minimized the inaccuracies that are induced as a resylt

of the disturbances in stress distribution around the Joading points. The


















magnitude gre er than the curvature f ie uncracke r ion

of the beam.
L ler 1 25e assumptions, using the measured load and deflection ar applying
the moment- ‘ea theorems, the moment-curvature relationship in the crack-element
is determir I,

At cracking there m3t b2 a sharp drop in the tensile stress-strain
relationship corresponding to the slope disc -tinuities of the load-deflection
and moment-curvature diagrams indicated in Fig, 4,15 a and b. The tensile
stress-strain relationships are obtained from the moment-curvature diagram
by making the further assumptions:

1. The tensile stress-strain relation js linear up to : e pro-

portional limit.

2. The elastic moduli in tension and compression are equal.

3. Compressive behavior is linear to failure of the specimen.

4. Strain varies linearly through the depth of the cross section.

5. A1l points on the cross section have identical stress-strain

behavior.

Under the assumption of Tinearly elastic behavior up to the proportional
1imit, tne peak of the tensile stress-strain curve is defined. The magni-
tude of the stress drop at this point is determined by consideration of

the magnitude of the slope change in the moment-curyature curve at the point
of discontinuity. The remainder of the tensile stress-strain relationship
is the obtained by gradually incrementing the moment and curvature of the
beam element and considering equilibrium of the cross section after each

step to obtain the corresponding increment in the stress-strain relationship.
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decreases with strength increase, and that permeability can be greatly af-

‘ected ny cement type. On the basis of these tests, there can be no generali-

zacioe about the presence of fibrous reinforcement on concrete permeability.
5.%.2  LEACHING

As evidenced by the strength data of Table 5.2, leaching was a
~~oblem only w :h Duracal cement concretes. Duracal cement concrete mixes
7, 8, and 9 ex ibited lower compressive strengths for water-cured specimens
than for air- or fog-cured specimens in both 7- and 14-day tests. Regulated-
set cement concrete mixes 10, 11, and 12, and type 1 cement concrete mixes
13, 14, and 15 :xhibited compressive strength increases of about 30 percent

for water-cured specimens.
5.1.3 VOLUME STABILITY

Volume stability measurements continue but trends are available

from observations to date. Average volume stabilities for air-cured and
fog-cured specimens are illustrated in Figs. 5.1 and 5.2. Duracal cement
concrete is the most stable and least susceptible to dimensional change

with changes in temperature of humidity, or as the resuit of hydration.
ir-cured Duracal cement concrete specimens shrink the least of the air-
cured specimens. Fog-cured Duracal cement concrete specimens expand and
then shrink but the total dimensional change is small. Type 1 cement concrete
shrinks for both air- and fog-cured specimens; dimensional changes are greater
than for Duracal. Regulated-set cement shrinks very fast during the first

i days of hydra on and then continues to shrink at a much reduced rate.




























































CHAPTER 6
PUMPING FIBROUS CONCRETE
6.1 INTRODUCTION

Placement of fibrous concrete by pumping is a complex problem.
Special attention should be given to certain parameters regarding aggre-
gate shape, maximum size, and gradation; and cement paste content. Basic
problems must be eliminated before a fibrous concrete mix can be considered
pumpable.

Two basic factors that control pumpability are aggregate gradation
and cement paste content. It has been reasoned that if an aggregate-fiber mix
is formulated to contain minimum voids a pumpable mix may result with appro-
priate addition of cement and water. Much laboratory time has been devoted
to relating aggregate void volume with pumpability. Once a specific aggre-
gate gradation has been selected for each fiber content, the mix may be
proportioned to include cement and water. Kempster (1969) has sugaested
that cement content should be at Jeast equal to the void volume. Laboratory
tests for pumpability have been initiated with minimum void mixes. The
laboratory apparatus shown in Fig. 6.1 allows study of concrete as 1t remolds
itself, such as would be required in passing reducers. Mixes which pass the

laboratory apparatus are believed to be pumpable.
6.2 CURRENT KNOWLEDGE
6.2.1 AGGREGATES

Coarse aggregate should be subangular and preferably rounde Fine
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