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ABSTRACT

In recent decades, the use of ultra-high performance concrete (UHPC) has been widely accepted by the con-
struction industry for buildings and bridges. The exceptional properties of UHPC on strength (18 ksi 35 ksi)
and durability (freeze-thaw resistance, abrasion resistance, chloride ion penetration resistance) have made it a
popular construction material for durable and sustainable civil infrastructure systems. The objective of this
paper is to investigate the shortterm mechanical strength development of UHPC specimens using a noncontact
synthetic aperture radar (SAR) imaging sensor. UHPC cubes and cylinders were designed and manufactured for
nondestructive strength monitoring and kinematic and rheological characterization. Change in moisture content
and distribution inside UHPC cylinders was monitored by a laboratory 10-GHz SAR imaging sensor inside a
microwave anechoic chamber at UMass Lowell. Hydraulic permeability of UHPC specimens was measured by
their bulk electrical resistivity using a concrete resistivity meter (ASTM C1876). The rate of water uptake
(absorption or sorptivity) was characterized by an apparatus used to measure the water absorption rate of both
the concrete surface and interior concrete (ASTM C1585). Early stage shrinkage behavior of UHPC specimens
during the first seven days was also measured using a shrinkage cone. Level of cement hydration in UHPC spec-
imens was quantified by the loss of free water inside UHPC and remotely measured by the SAR imaging sensor.
Mechanical strength development in UHPC specimens was monitored by following ASTM C109/C109M. From
our preliminary result, it is found that change in SAR amplitude and amplitude distribution can be correlated
to the level of strength development.
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1. INTRODUCTION

Portland cement concrete (PCC) is the most widely used artificial and engineering material in the history of
mankind. While most PCC structures can be designed to provide their service for 50 years to 75 years (e.g.,
highway bridges), other design factors such as sustainability have been gradually driving the development of novel
PCC products, such as self-consolidating concrete, green concrete, self-healing concrete, ultra-high strength con-
crete (UHSC) and ultra-high performance concrete (UHPC). In recent decades, the use of UHPC has been
widely accepted by the construction industry for buildings and bridges. The exceptional properties of UHPC
on strength (18 ksi 35 ksi) and durability (freeze-thaw resistancefreezing-and-thawing,,1–3 abrasion resistance,
chloride ion penetration resistance4) have made it a popular construction material for durable and sustainable
civil infrastructure systems. These features of UHPC represent not only superior performance over traditional
PCC but also significantly reduced maintenance and lifecycle costs to municipals and state DOTs (Department
of Transportation).

The objective of this paper is to investigate the short-term mechanical strength development of UHPC spec-
imens using a noncontact synthetic aperture radar (SAR) imaging sensor. UHPC cubes and cylinders were
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designed and manufactured for nondestructive strength monitoring and kinematic and rheological characteriza-
tion. Change in moisture content and distribution inside UHPC cylinders was monitored by a laboratory 10-GHz
SAR imaging sensor inside a microwave anechoic chamber at UMass Lowell. Hydraulic permeability of UHPC
specimens was measured by their bulk electrical resistivity using a concrete resistivity meter (ASTM C1876).
The rate of water uptake (absorption or sorptivity) was characterized by an apparatus used to measure the water
absorption rate of both the concrete surface and interior concrete (ASTM C1585). Early stage shrinkage behav-
ior of UHPC specimens during the first seven days was also measured using a shrinkage cone. Level of cement
hydration in UHPC specimens was quantified by the loss of free water inside UHPC and remotely measured
by the SAR imaging sensor. Mechanical strength development in UHPC specimens was monitored by following
ASTM C109/C109M.

In this paper, our research approach is first introduced, followed by the experimental program on specimen
preparation and laboratory SAR imaging. Results and discussion are summarized. Conclusions are finally
presented.

2. SYNTHETIC APERTURE RADAR IMAGING

Synthetic aperture radar (SAR) imaging is a remote sensing technique capable of producing surface and subsur-
face profile for dielectric targets like UHPC. With multiple imaging modes (spotlight, stripmap, and inverse),
flexible resolutions (synthetic aperture) and bandwidth enhancement, SAR imaging has demonstrated its promis-
ing potential for detecting subsurface delamination, determination of the water-to-cement ratio, estimation of
chloride content, characterization of moisture content of concrete.5–7

The fundamental principal of SAR imaging for subsurface sensing in civil engineering is electromagnetic (EM)
scattering in dielectric media.8 Propagation and scattering of EM waves in free space can be generated/received
by a radar system for non-contact inspection of materials and assessment of structures. Since concrete is the most
widely used engineering material in the world, the ability of EM waves traveling in free space (air) and inside
concrete is a superior property over other techniques such as optical and acoustic/ultrasonic methods. In SAR
imaging, reflected EM waves in time domain are first transformed to frequency domain via one-dimensional (1-D)
Fourier transform. The us of backprojection algorithms allows us to generate 1-D sub-images for superposition.
When a greater synthetic aperture is used, more sub-images can be produced and used in image superposition.
Consequently, final SAR images with better resolutions can be obtained. Formulation of SAR imaging used in
this paper can be found in the literature.9

In this paper, quantification of SAR images is achieved by using two SAR image parameters; maximum SAR
amplitude Imax and integrated SAR amplitude Iint. Their definitions are provided in the following.

Imax = max{I (r, rx)} (1)

where I (r, rx) is a matrix containing SAR amplitude at any given coordinate (r, rx).

Iint =
∫ r2

r1

∫ rx2

rx1

I (r, rx) drdrx (2)

where r1 and r2 are the range coordinates (lower bound and upper bound) used in the windowing of SAR images
for calculating Iint and rx1 and rx2 the cross-range coordinates (lower bound and upper bound).

3. EXPERIMENTAL PROGRAM

3.1 Materials

Type III portland cement with a specific gravity of 3.15 and a Blaine fineness of 493 m2/kg was supplied by
Lehigh Cement Company LLC. Undensified silica fume from Norchem with a SiO2 content of 95.7% and a specific
gravity of 2.24, and Micron3 ultra fine fly ash from Boral Resources LLC with a median particle size of 2 to



4 micron and a specific gravity of 2.69 were used in this study to modify the matrix of cement binder. The
chemical and mineral compositions of the cement, silica fume and fly ash are summarized in Figure 1. Masonry
sand was used as aggregate for the UHPS. The particle size distributions (PSDs) of cement, silica fume, fly ash
and masonry sand are shown in Figure 3. The overall PSDs of the cement and silica fume are relatively similar,
but silica fume shows a higher fraction of particles with a diameter smaller than 3 m. The ultra-fine fly ash
exhibited a relatively narrow PSD ranging between 0.8 m and 8 m. The median particle sizes (d50) of cement,
silica fume, fly ash and masonry sand are 12.64 m, 17.89 m, 2.81 m and 398.83 m, respectively. Brass coated
steel microfibers with a diameter of 0.008 in. (0.2 mm), a length of 0.51 in. (13 mm) and an average tensile
strength of 421 ksi (2900 MPa) were used to as reinforcement in UHPC. An Optimum 380 high range water
reducing (HRWR) admixture was used to improve workability the concrete mix.

Figure 1. Chemical composition of Type III cement, silica fume and fly ash.

3.2 Mixture design

In this study, two groups of concrete were prepared with one group of plain concrete without fiber as control
group and one group reinforced with micro-steel fibers. The design of UHPC utilizes an optimum particle
packing density of the solid components to achieve low porosity and high compressive strength. In this project,
the Modified Andersen-Andreassen Model was employed,10 via EMMA software from ELKEM Silicon Product,
to reach the particle packing optimization. This model uses a modified equation in Eq. (3).

P (D) =
Dq −Dq

min

Dq
max −Dq

min

(3)

where P (D) is the fraction of total solids smaller than diameter D.11,12 q is the distribution modulus, which varies
between 0.22 and 0.25.13,14 Dq

min and Dq
max are the minimum and the maximum diameters with distribution q,

respectively. Based on the maximum and minimum size of the solid particles and a q value of 0.25, an ideal
distribution curve was generated in EMMA (the red curve in Figure 3). After importing gradations for the
cement, silica fume, fly ash and masonry sand into EMMA, adjustments of contents of the solid components
were made until the PSD (the blue curve in Figure 3) of the mix matches the ideal packing curve. Based on
this particle packing optimization, a binder consisted of 62% cement, 30% silica fume and 8% fly ash by weight



Figure 2. Particle size distribution of different materials.

was designed in this study. A fix w/b ratio of 0.19, a binder to sand ratio of 1.04 by weight, and a fiber volume
fraction of 2% were employed for the UHPC mixture. A HRWR amount of 65 lb/yd3 was determined by making
iterative trial mixes and obtaining a slum ranging between 8-10 in. The materials and mixture proportions of
the UHPC are summarized in Figure 4.

Figure 3. Particle size distribution of UHPC according to EMMA.



Figure 4. Materials and mixture proportions of UHPC.

3.3 Mixing, casting and curing

According to ASTM C1856, the following mixing procedure was employed to obtain uniform mix with desirable
flowability. A Gilson concrete mixer was used to mix the entire quantity of UHPC followed by shear mixing.
The sand, silica fume and fly ash was dry mixed for 2 minutes. Cement was then added and mixed for 1 minute.
Next, the water was added and mixed for 1 minute followed by the addition of HRWR and a 10 minutes mixing
until a uniform mixture is obtained. For the group of steel fibers, the fibers were mixed following the addition of
cement. The cylinder molds were filled in a single layer with the fresh UHPC followed by 25 times tamping to
ensure proper consolidation. For each group, nine 3 in. by 6 in. cylinders and two 4 in. by 8 in. cylinders were
cast. The specimens were demolded after 24 hours and air dried under a temperature of 25±1.C and relative
humidity of 30±1% throughout the curing period.

3.4 Testing methods

The workability of the plain and fiber reinforced UHPC was measured using both upright and inverted slump
cone according to ASTM C14315 and ASTM C995.16 The initial autogenous shrinkage of both groups was mea-
sured using a shrinkage cone, which performs contactless high-resolution monitoring using a laser beam. The
measurement was started immediately after mixing and continued up to 96 hours.

The permeability of the plain and fiber reinforced UHPC was determined indirectly by measuring the electrical
bulk resistivity of 4 in. by 8 in. cylinders at a frequency of 1 kHz using a RCON device developed by Giatec.
Before the measurement, the cylinders were first cured in lime water at 25±1.C for 2 days, then vacuum saturated
in a simulated concrete pore solution for 3 hours followed by a 72-hour soaking. Two repetitions were employed
for the bulk resistivity test. The bulk resistivity (ρ) was calculated using Eq. (4),

ρ = R
A

L
(4)

where R = the bulk resistance, A = cross-sectional area and L = length of the cylindrical specimen. Compressive
strength tests were conducted on 3 in. by 6 in. cylinders according to ASTM C3917 on a PILOT automatic
compression tester at a uniform loading rate of 200 lbf/sec. Three repetitions were considered for the compression
test.

3.5 Laboratory SAR imaging

Two groups of concrete were scanned by a laboratory 10-GHz SAR (synthetic aperture radar) imaging system
with a 1.5-GHz bandwidth. This continuous wave imaging radar (CWIR) system was used along with an
anechoic chamber in the Electromagnetic Remote Sensing Laboratory at UMass Lowell. A two-dimensional
(2-D) positioner was utilized to move the CWIR system in the stripmap SAR imaging mode. Figure 5 shows
the SAR imaging system and the anechoic chamber with a 2-D positioner.



Figure 5. Exterior of the anechoic chamber for laboratory SAR imaging

4. RESULTS AND DISCUSSION

4.1 Fresh properties

The slump of the plain concrete without fibers was measured to be 9.5 in. and 10.5 in. for the upright and
inverted slump cone tests, respectively, while for the fiber reinforced UHPC the slump values were found to
be 10.25 in. and 10.75 in. The improved workability of fiber reinforced UHPC may be caused by the ease of
de-agglomeration of the particles in the presence of microsteel fibers, which facilitates the coating of particles by
HRWR.

The evolution of autogenous shrinkage behavior and temperature inside both plain and fiber reinforced UHPC
due to cement hydration heat are shown in Figures 6 and 7. From Figure 6, it can be found that the increasing
rate of initial shrinkage during the first 6 hours was greater in fiber reinforced UHPC, which yielded a maximum
shrinkage of 207.5 m after 10 hours. It is interesting to observe that the autogenous shrinkage of the UHPC with
fiber reinforcement did not further increase with increasing time. However, even exhibited a lower shrinkage
during the early age, a continuous increase of autogenous shrinkage was yielded by the plain concrete without
fibers, which became higher than that of the reinforced group after 63 hours. This indicates the positive role of
steel fibers in restricting volume change of the concrete admixture after its setting and hardening.

Similar with the development of shrinkage, the temperature also exhibited a rapid increase in the first 6 hours
of casting due to the hydration of cement and pozzolanic reactions with the mineral admixtures. The peaks of
the temperature correspond well with the peaks of the shrinkage behavior. During the first 5 hours, the plain
group exhibited a higher increasing rate than the group with fibers, while the highest temperature was yielded by
the fiber group, which is in good agreement of flowability and shrinkage results. Again, after 40 hours, a higher
internal temperature was observed from the plain group. Short-term compressive strength of two groups of



Figure 6. Evolution of autogenous shrinkage behavior

Figure 7. Temperature inside both plain and fiber reinforced UHPC



UHPC specimens was obtained by using a MTS (Material Testing System) machine in the Concrete Laboratory
in the Department of Civil and Environmental Engineering at UMass Lowell. The result is shown in Figure 8.
In Figure 8, each data point represents the average compressive strength of three specimens. It is clear that
the overall growth of compressive strength of UHPC specimens is shown in Figure 8. The average compressive
strength of Group 2 specimens at the age of Day 7 appears to be greater than the one of Group 1 specimens
(control).

Figure 8. Average compressive strength of UHPC specimens

4.2 SAR images

SAR images of Group 1 specimens on Days 1, 3 and 7 are shown in Figures 9∼11. Group 2 images are shown in
Figures 12∼14. Correlation between the short term compressive fc and the maximum SAR amplitude Imax is
illustrated in Figure 15, while the correlation between fc and Iint is provided in Figure 16. From Figures 15 and
16, we have found that both Imax and Iint show very good correlation with fc. This is because of the reduction
of moisture content in UHPC over time, leading to the reduction of effective dielectric constant and loss factor
of UHPC specimens.

5. CONCLUSION

This paper presents our experimental work on i) the use of the Andersen-Andreassen model to attain optimal
particle packing density in the design of UHPC (ultra high performance concrete) and ii) the use of non-contact
synthetic aperture radar (SAR) imaging technique for characterizing the short-term strength of plain UHPC and
fiber-reinforced UHPC specimens. The fresh and hardened properties of the plain UHPC and fiber-reinforced
UHPC were evaluated. From our imaging result, it is found that SAR images can reveal the subsurface profile
of UHPC specimens. Other conclusions can be drawn and listed in the following:

1. The slump of fresh concrete measured via both upright and inverted slump cone tests showed that the
UHPC reinforced with 2 vol.% micro-steel fibers had a higher slump of 10.25 in. and 10.75 in. when
compared to plain UHPC, which exhibited slumps of 9.5 in. and 10.5 in. in the two tests, respectively.
This finding indicates the positive role of the micro-steel fibers in mitigating agglomeration of the ultra-fine
particles during UHPC mixing, which improves the uniform distribution of HRWR at low water to cement
ratio.



Figure 9. SAR images of Group 1 UHPC specimens on Day 1



Figure 10. SAR images of Group 1 UHPC specimens on Day 3



Figure 11. SAR images of Group 1 UHPC specimens on Day 7



Figure 12. SAR images of Group 2 UHPC specimens on Day 1



Figure 13. SAR images of Group 2 UHPC specimens on Day 3



Figure 14. SAR images of Group 2 UHPC specimens on Day 7



Figure 15. Correlation between fc and Imax

2. The rate of autogenous shrinkage of the fiber-reinforced UHPC was higher than the plain group in the first 6
hours, after which it became constant, whereas the plain UHPC showed a continuously increased shrinkage
and exceeded the fiber-reinforced UHPC after 63 hours. This difference indicates the contribution of steel
fibers in restricting the volume change of the concrete admixture after hardening.

3. The use of Type III portland cement, silica fume, and ultra-fine fly ash enables a 1-day strength of 8.40
and 8.51 ksi in the pain and fiber-reinforced UHPCs, respectively. After 3 days, the two groups showed
strength increases by 71.5% and 64%, respectively. 7-day strengths of 16.86 ksi and 16.81 ksi were yielded.
In this study, it was observed that the influence of steel fibers on UHPC strength is negligible as the two
groups yielded similar strength at all the three testing ages with a difference of less than 3.2%.

4. The bulk electrical resistivity and resistance of the plain UHPC were measured to be about 11 times that
of UHPC reinforced with micro-steel fibers. However, in this study, the higher bulk resistance of the plain
concrete group does not guarantee a lower permeability as in the fiber reinforced specimens the current
might be conducted via the steel fibers in addition to pore solutions. Correspondingly, a higher deviation
of bulk electrical resistivity was observed in the fiber-reinforced group due to the dependence of resistance
on the distribution and connection of the fibers.

5. Both maximum SAR amplitude (Imax) and integrated SAR amplitude (Iint) can be used to estimate the
compressive strength of UHPC specimens. The increase of compressive strength in UHPC specimens leads
to the decrease of both maximum SAR amplitude (Imax) and integrated SAR amplitude (Iint).

6. ACKNOWLEDGMENT

The authors want to thank the U.S. Department of Transportation (DOT) for partially supporting this research
through a UTC (University Transportation Center) TIDC (Transportation Infrastructure Durability Center)



Figure 16. Correlation between fc and Iint
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