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ABSTRACT

The neutron diffraction technique, which is a non-destructive and non-contact method, has been recently
established as an alternative technique to a strain gauge method to measure a bond stress distribution of
an embedded rebar in concrete without giving effects on the bond condition. In this study, the neutron
diffraction technique was applied to bond assessments for the post-installed adhesive anchors. Also, the
filling state of adhesive was investigated by the neutron CT imaging. The following results were obtained:
The tensile stress increased in all samples towards the loading point. Even though all specimens were
made on the same condition, the stress distributions were different. Filling state of adhesive in concrete
was confirmed with the neutron CT images.

INTRODUCTION

Post-installed adhesive anchors are typically employed for seismic retrofitting, renewal construction,
installation of facilities and equipment for concrete structures. They also have often been used in the
nuclear facilities. Bond degradation of the post-installed adhesive anchors may cause serious accidents
involving human lives like “SASAGO tunnel ceiling collapse in Japan” occurred in 2012. Therefore, it is
important to investigate the bond condition, including bond strength quantitatively, to establish more
reliable construction quality control of the post-installed adhesive anchors.

The neutron diffraction technique, which is a non-destructive and non-contact method, has
recently been established as an alternative technique to a strain gauge method to measure the bond stress
distribution of an embedded rebar in concrete without giving effect on the bond condition. In 2012, three-
dimensional deformation behavior of an embedded rebar including axial and transverse strains was
successfully measured under pull-out loading using Time-of-Flight neutron diffraction with an
engineering neutron diffractometer, BL19, TAKUMI, in the Material and Life Science Experimental
Facility (MLF) of the Japan Proton Accelerator Research Complex (J-PARC) by Suzuki et.al (2014).
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Suzuki et.al (2017) have lately applied this neutron diffraction technique to bond assessments for

a post-installed adhesive anchor, and it was found that the neutron diffraction can be a useful technique to

measure the stress distribution of the anchor bar embedded in concrete. The bond condition of the post-

installed adhesive anchors is often affected by the filling state of adhesive like unfilled deficiency and

damage after stress. Recently, the neutron CT imaging is quite useful technique to observe the adhesive
like epoxy resin for evaluating bond degradation of the post-installed adhesive anchor.

This paper reports on the stress state of post-installed adhesive anchors in concrete under pull-out

loading by the neutron diffraction method. Also, the filling state of adhesive was investigated by the

neutron CT imaging.

EXPERIMENT OVERVIEW
Outline of specimens

Table 1 shows the materials used for concrete, and Table 2 shows the mixture proportion. Target
compressive strength and water-cement ratio (W/C) were 21N/mm” and 64.1 %, respectively. Specimens
were moist cured for 7 days and then exposed to 60%R.H. at 20°C until the age of 28 days. Each
specimen was drilled a hole of diameter 16 mm by wet core drill. After drilling, specimens were dried at
40°C in a thermos-hygrostat chamber for approximately 2 weeks until anchor construction. That’s
because it was desirable to make the water content of concrete lower to measure the stress in concrete by
neutron beam technique. Table 3 shows the fresh properties and strength test results at each test age.

Table 1: Materials

Materials Mark Detail
Cement C  |Ordinary Portland cement, Density=3.16g/cm’
S1 |Land sand from Namegata, Specific gravity=2.59g/cm’, F.M.=2.55
S2  |Land sand from Namegata, Specific gravity=2.60g/cm’, F.M.=2.60
Coarse aggregate G |Crushed stone from Tsukuba, Specific gravity=2.66g/cm’, Absolute Volume=60.0%
Admixture Ad |Air-entraining and water-reducing admixture (General type)

Fine aggregate

Table 2: Mixture proportions

Grnax Slump Air Ww/C s/a W C S1 S2 G Ad
(mm) (cm) (%) (%) (%) | (kg/m’) | (kg/m’) | (kg/m’) | (kg/m’) | (kg/m’) | (kg/m’)
20 18 4.5 64.1 49.6 180 281 440 442 920 2.81

Table 3: Properties of concrete

Fresh 4 weeks standard curing 8 weeks air curing (At the time of exam.)
Slump| Air |Compressive strength| Young’s modulus |Compressive strength| Young’s modulus | Water content
(cm) | (%) (N/mm?) (N/mm?) (N/mm?) (N/mm?) (%)
18.0 | 43 31.5 21.5 30.6 17.8 2.45

Figure 1 shows a schematic illustration of the specimen. The cylindrical concrete sample with a
size of 57.5 mm in diameter and 200 mm in length covered with SUS 304 tube of 6 mm thickness was
prepared. The specimen was drilled for 2 weeks at 40°C before anchoring. Reinforcing bar of D13 (Yield
strength = 785 N/mm?) was fixed 156 mm length at the center of specimen as an anchor bar. Epoxy resin-
based adhesive was used for anchor construction by injection. Note that concrete filled SUS 304 tube was
attached on the loading side to make the pass of neutron equally irradiated regardless of anchor bar
position during testing.
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Figure 1. A schematic illustration of the specimen
Stress measurement method of anchor by neutron beam techniques

In this study, the stress distribution along the embedded anchor bar was measured by neutron
diffraction with TAKUMI at BL19 of J-PARC MLF. A schematic representation of the measuring
method at TAKUMI is shown in Fig. 2. The loading equipment with specimen was set at 45° to the angle
of incident neutron beam path, and the diffracted neutrons were measured by the detector banks at + 90°.
Incident beam size was 10 x 10 mm” and the radial collimators provided 5 mm gauge width were set in
front of each detector bank. Thus, one gauge volume was 5 x 10 x 10 mm’. The stress distribution of the
anchor bar was measured by moving a sample stage to the anchor axis direction. The output beam power
of the accelerator of J=PARC was 400 kW and the measurement time was set to approximately 60 min a
point.

Measurement positions were 0, 12.5, 25, 37.5, 50, 62.5, 75, 87.5, 100, 125 and 150 mm along the
anchor axis from the loading side to the free-edge. The position of - 20 mm in the unbonded part was also
measured to get a reference of the stress-free lattice constant.
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Figure 2. A schematic representation of the measuring method at TAKUMI

Neutron diffraction is a technique to observe lattice spacing in a crystal. Therefore, the lattice
constant a is determined by a multi-peak fitting for a measured diffraction pattern using Rietveld fitting.

The ultimate bond strength was determined based on Design Recommendations for Composite
Constructions by AIJ (2010). In this study, the compressive strength og was 30 N/mm?®.

Table 4 shows the target tensile load for testing and average bond strength, and table 5 shows the
loading history. Cyclic loading test for evaluating long-term and short-term bond strength was conducted
on Specimen 1. Specimen 2 and 3 were loaded for the long-term bond strength test for the purpose of
comparison to Specimen 1. Strain distribution at 1 kN for the Specimen 3 was measured before the
loading test, whereas that for Specimen 2 was measured after the loading test.
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Table 4: Target tensile load for testing and average bond strength
Design strength T (N/mm?) Tensile load (kN)
A: Long-term =C/3 2.8 21.2
B: Short-term =C/1.5 5.6 42.5
C: Ultimate =/70p/21 8.4 63.7

Table 5: Loading history

Specimen No. Loading history
1 1IkKN — A: 21.2kN — (B: 42.5kN) — A: 21.2kN
2 A:21.2kN — 1kN
3 1kN — A: 21.2kN

() Only loading
I maging method of adhesive by neutron beam techniques

In this study, the filling state of adhesive was measured by neutron CT imaging with RADEN at BL22 of
J-PARC MLF. The optical setup at RADEN is shown in Fig. 3. The L/D ratio was 400 and the detector
size was 95 % 95 mm in this study. Neutron transmission images were acquired by converting neutron
beam into visible light using ZnS/°LiF scintillator of thickness 0.1 mm and the transmission image was
taken by a CCD camera (Andor, 2048 % 2048 pixel) with the lens of Nikon 105 mm/f = 1.4. The distance
from the center of a sample to the detector was settled at 50 mm. A number of the projections was 181
taken every 1° from 0 to 180°. The output power of the accelerator was 400 kW, irradiated for 90 seconds
for each projection. The transmission image of a 200 mm length specimen was taken twice, dividing the

specimen into two, upper and lower sections.

Figure 3. The image of measuring method at RADEN
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RESULTSAND DISCUSSION

Stress of anchor inside concrete

Figures 4 to 6 show the relative axial stress distributions at 21 kN calculated relatively from 1 kN. Here,
Young’s modulus was 200 N/mm? that is general value of steel. Though it varied widely among samples,
the tensile stress was confirmed to increase in all samples towards the loading side. The stress tends to
increase towards zero at the 150 mm position.

In Specimen 1, the stress distribution showed a constant value up to 50 mm, and then decreased
in tensile stress towards 100 mm before loading for a short-term (42.5 kN). On the other hand, tensile
stress tended to increase on the whole after short-term loading, showing the possibility of bond
degradation due to over loading. In Specimen 2 and 3, the stress tended to decrease to zero towards the
free-edge of the anchor bar, but sudden increase of the tensile stress was recognized. The possibilities that
the sample moved or the adhesion deterioration occurred while loading were considered as the reasons.

As stated above, even though all specimens were made on the same condition, they showed
different stress distributions. This means that there is a case where a complicated stress state occurs.
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Figure. 4. Stress-position along anchor bar relationship (Sample 1)
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Figure. 5. Stress-position along anchor bar relationship (Sample 2)
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Figure. 6. Stress-position along anchor bar relationship (Sample 3)
Filling status and change by stress of adhesive

Figures 6 to 8 show the neutron CT images. A dark white part shows adhesive. The resolution is not good,
but the filling state of adhesive in concrete can be confirmed and much short shot are seen such as 0 - 50
mm in Specimen 1 and 3. Un-filling part with about 10 mm length is observed in all specimens too. The
absorption of the neutron beam might become heterogeneous around the area with un-filling of adhesive.
And the appearance of distortion with that might have led to unevenness of the stress distribution. In
samples 1 and 3, the tendency that the bond stress decreases in the range of big un-filling part is seen in
Fig. 5.
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Figure. 6. CT image of specimen 1
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Figure. 7. CT image of specimen 2
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Figure. 8. CT image of specimen 3
CONCLUSIONS
In this study, the stress state of post-installed adhesive anchors in concrete under pull-out loading by the

neutron diffraction method was investigated. Also, the filling state of adhesive was investigated by the
neutron CT imaging. Within the range of this study, the followings were found:

(1) The tensile stress increased in all samples towards the loading side.

2) Even all specimens were made on the same condition, they showed different stress distributions.
3) Filling state of adhesive in concrete was confirmed with the neutron CT imaging.
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