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A B S T R A C T

Fiber reinforcement of ultra-high-performance concrete (UHPC) is necessary for adding toughness and ductility
to an otherwise very brittle matrix. The action of fibers pulling out of the concrete matrix is one of the primary
mechanisms of energy dissipation. Of interest in this work is the effect of a compressive stress in the concrete
matrix on the fiber pullout behavior. An experimental fixture was developed to apply confining forces to the
UHPC matrix while a fiber is pulled out of the matrix. Approximately 90 pullout tests were conducted with
specimens subjected to confinements of 2, 38, and 76MPa. Complete force-pullout length data were recorded
and analyzed. The results showed that confinement stresses had a positive correlation with both peak force and
work of the pullout force, but the latter was only valid for the first few millimeters of pullout. When the entire
response was considered, the correlation with work of pullout disappeared. An analytical pullout model was
employed to isolate the effects of bond fracture energy and friction. Fitting the model to the data showed that
bond fracture energy was not affected, but friction stress increased up to 60% for high confining stresses.

1. Introduction

Ultra-high-performance concrete (UHPC) is a class of cement-based
materials with compressive strengths exceeding 150MPa [1]. This high
strength is achieved by combining small aggregate sizes (less than 0.6-
mm diameter) with a cementitious matrix augmented with ultra-fine
particles and pozzolanic admixtures. However, the very high strength
comes at a cost; the material is extremely brittle with very low ductility.
Fiber reinforcement is necessary for any practical structural applica-
tion.

The toughening mechanisms associated with fiber reinforced con-
crete are well known and well documented [2] [3]. In addition to
dissipating energy by forcing additional matrix cracking, fibers dis-
sipate energy through debonding, frictional pullout, bending [4], and in
some cases, rupture [5]. Of particular interest in the work described
here is the energy dissipated by fibers being pulled out of the cement
matrix during extreme loading.

The pullout response of steel fibers embedded in a UHPC matrix has
been studied by a number of researchers [6] [7] [8] [9], among others.
Understanding the pullout behavior is a critical and necessary step to
properly model the response of the UHPC composite [10] [11].

General properties of fiber pullout response have been of interest for
some time [12] [13]. Pullout response of a straight fiber generally

consists of three phases, i.e., bonding, debonding, and sliding. Initially
the pullout load is not sufficient to separate the fiber from the sur-
rounding matrix, and this interface keeps the fiber bonded to the con-
crete. As slippage increases, the debonding of the fiber begins. The fiber
starts to debond and stretch slightly at the surface of the concrete, and
as this happens, the fiber begins to slide along the matrix channel while
the lower part remains bonded. When the fiber is fully debonded, the
fiber enters the sliding phase, and the matrix deteriorates due to
abrasion and particle compaction, or hardens due to a jamming effect
[7].

While a significant body of work exists on general fiber pullout
characteristics, in general, testing is conducted on samples that are held
in grips such that little or no lateral compressive stress is found in the
concrete matrix. There are, however, practical cases for which the
concrete matrix is subjected to a compressive stress. In these cases, the
pullout response may not be correctly represented by models that
predict structural response. The hypothesis to be tested here is that a
compressive stress in the UHPC matrix will influence the pullout be-
havior of the fiber. Specifically, it is hypothesized that compressive
stresses have negligible affect on bond strength, but the stresses will
increase the work required to pull out the fiber by increasing the fric-
tion developed between fiber and matrix. If true, then of particular
interest is the degree to which the frictional work is increased.
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2. Materials and methods

The material used in this study, “Cor-Tuf”, was developed by the
U.S. Army Corps of Engineers as a general purpose UHPC [6] [14]. It
features a compressive strength of approximately 200MPa and an
elastic modulus approaching 38 GPa. It gains the majority of its strength
from its low water/cement ratio and small particle sizes (<0.6mm). The
material is made ductile through the addition of about 3.5% steel fibers
by volume.

2.1. Specimens

The specimens were small 1-cm-diameter by 1-cm-long cylinders
with fibers embedded along the cylinder's axis. The fibers used in this
work were hooked steel, 30-mm-long by 0.55-mm in diameter (Dramix
ZP305), a fiber commonly used in this particular UHPC mix [6]. In
order to simplify data interpretation, the hook was clipped off the
embedded end of the fiber such that pullout measurements would be for
a straight fiber, but all other fiber properties would be the same. A
cylindrical specimen was used in order to exploit the small stress am-
plification that occurs in a cylinder loaded in compression perpendi-
cular to its axis.

The UHPC matrix material was batched according to the propor-
tions shown in Table 1. For batching, the dry ingredients were com-
bined in the motorized baker mixing bowl. Then, after 5min, the wet
ingredients were added while the mixer continued to run. At approxi-
mately 10min, the mixer would be stopped so that the sides of the bowl
and the mixing paddle could be scraped off with a metal spoon to en-
sure that all of the ingredients were fully combined. The mixer was then
started up again until the concrete mixture kicked over from a wet
looking sand mixture to a cookie dough-like consistency.

Once mixing was complete, the concrete was put into a cake icing
bag and squeezed into a teflon mold. A metal spatula was used to flatten
out the surfaces of each specimen and remove any excess concrete.
Then, the single, straight, steel fiber was positioned in the center of
each concrete specimen, pushed to the bottom of the mold to ensure
10mm of embedment. The mold was held on a vibration table for 30 s
to ensure the concrete was completely consolidated around the fiber so
there would be full fiber-matrix bond development. In general, the
overall stiffness of the fresh mix was high enough that the fibers did not
move during vibration. The specimens were de-molded after 24 h,
stored in a wet room for seven days, and then immersed in an 85°C
water bath for seven days. A photograph of a specimen is shown in
Fig. 1. The material had a compressive strength (cube-basis) of 180 MPa
(+/-11 MPa), and an unconfined split cylinder tensile strength of
12 MPa (+/-1 MPa).

2.2. Testing

Pullout tests were conducted in a 5-kN servo-hydraulic load frame
operating in displacement control. In order to conduct fiber pullout
tests under varying confinement stresses, a specialized fixture was
constructed to hold the concrete cylinder portion of the test specimen.
The fixture was made of a steel cylinder bored and tapped such that,
along one axis, a transverse force could be applied with a screw in line

with a 4.5-kN load cell. This screw was used to apply the active con-
fining force. Additional screws were aligned on the orthogonal axis to
provide passive confinement to the concrete. The passive confinement
was necessary to allow high compressive stresses without splitting the
concrete cylinder. Small steel blocks were placed in between the screw
ends and the specimen to produce a line-load on the specimen. The test
fixture is shown in Fig. 2.

The testing procedure is described as follows. Each specimen was
put into the confining fixture and aligned with the lateral screws such
that the steel fiber was located in the center of the overhead fixture and
could be gripped without any torque being applied to the fiber. The
crosshead was then lowered so the overhead fixture was approximately
3mm above the concrete surface of the specimen. Next, the passive
lateral screws were hand tightened to approximately 90 N of confining
force to hold the specimen in place. After this, the active force (90 N,
2 kN, and 4 kN corresponding to a compressive stress of 1.7MPa,
38MPa, and 76MPa, respectively) was applied using the active screw.
Active confining stress was approximated based on the fiber being in
line with the cylinder axis, using the well known elastic solution [15]:

=σ P
πld
6

y (1)

where, P is the active confining force, d and l are the cylinder diameter
and length, respectively. We note that eq. (1) slightly overestimates
compressive stress due to the lateral confinement. An exact elastic so-
lution is difficult in this case because the passive confinement is not
perfectly rigid. Similarly, there is a compressive stress in the passive
direction (i.e., σx), but again this is indeterminate without a separate
measurement. Acknowledging these limitations, the confinement stress
of eq. (1) was used as the independent experimental parameter.

In applying the active force, the intended force was purposely
overshot by about 5–10% to allow a small amount of creep to occur
before the active load would level out to the desired amount. The final
step before loading was to tighten the set screw that gripped the fiber.

Fiber pullout was executed in displacement control at a rate of
1mm/min. Pullout force was measured with a 250-N load cell, and
length of pullout was measured using the actuator position. Actuator
position was used to greatly simplify testing. A separate calibration
using an in-line LVDT showed that the actuator position-based mea-
surement was within 2% of an LVDT-based measurement for the entire

Table 1
Table of UHPC constituents.

Constituent mass (g)

Cement 621
Sand 600
Silica Flour 172
Silica Fume 241
Superplasticizer 11
Water 129

Fig. 1. Photograph of test specimen with embedded fiber.
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