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This paper studies the impact of different locations including frame columns, frame beams and nodes to
ultrasonic velocity through performing ultrasonic testing of single-layer and single-span reinforced concrete
frame structures; and analyzes the change rule of stress state of test pieces and ultrasonic velocity under
different stress processes. This paper also establishes the baseline stress test curve of the concrete frame
structures based on test data. The study shows that the change of velocity of tensile zone of the simple
bending sections of the frame beams is larger than that of the compressive zone when the structures reach
ultimate stress; the drop of ultrasonic velocity of locations in shear-bending sections is relatively smaller. As
for frame columns, the velocity change of locations that are near the nodes is the largest; and for the frame,
nodes have the most obvious impact to the ultrasonic velocity and the drop of ultrasonic velocity is the largest.

1. Introduction

Concrete structure is the main structural form in modern construction engineering. The stress level of concrete
in buildings is the most direct and reliable index that reflects the safety performance of buildings; therefore, it
is of critical importance to accurately obtain the precise working stress value of structures in service for
inspection and safety assessment. The ultrasonic method, as a relatively mature nondestructive testing
technology, is extensively applied in engineering study, since instrument involved are portable and easy to be
operated. In recent years, scholars both at home and abroad have carried out study on the strength and
damage of concrete materials with ultrasonic inspection technology from many aspects. After the propose of
ultrasonic inspection technology of concrete (Jones, 1963), foreign scholars performed ultrasonic inspection of
reactive powder concrete and bituminous concrete, and corresponding results showed that the ultrasonic
inspection technology is feasible (Sansalone and Carino, 1986; Glenn et al., 2014; Mesut et al., 2004; Van et
al., 2011; Fasnakis et al.,, 2016; Ogunbode et al., 2017; Ondrejka et al., 2017); they also compared
compressive strength and elasticity static modulus based on ultrasonic testing, so as to confirm the possibility
to inspect recycled concrete with ultrasonic (Pani and Francesconi, 2014). Domestic scholars also conducted
ultrasonic inspection of different concrete materials under different stress states, and established the relation
between ultrasonic with damage and compressive strength (Zhu et al., 1998; Yan et al., 2002; Li et al., 2006;
Li et al., 2007); then tested concrete test pieces with different steel fiber contents and strength, to obtain the
change rule of velocity under different stresses, and established a mathematical model for the strength of
concrete and velocity (Zhu et al., 2010; Liu and Zhang, 2011). Moreover, they also carried out ultrasonic
inspection of concrete test pieces with reinforcement on two sides, to study the impact of rebar in concrete
members to ultrasonic velocity; and proposed the formula on relation between working stress and ultrasonic
velocity of concrete based on experiments (Gao et al., 2017). However, the study on inspection of the working
stress of concrete structures in service with ultrasonic is basically blank both at home and abroad at the
current stage. Thus, the inspection of stress level of reinforced concrete members under stress with ultrasonic
and the establishment of baseline stress test curves of concrete structures under different stress states can
provide a new assessment index for quality assessment of concrete buildings, and also provide new
assessment theories and a non-destructive testing method to evaluate the level of strength loss of concrete
architectural structures in service.
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This paper compares the impact of frame beams, frame columns and nodes to ultrasonic velocity through
experimental study of concrete frame structures, analyzes the change rule of ultrasonic velocity of concrete
structures under different stresses, and establish baseline stress test curve of concrete frame structures
based on experiments.

2. Overview of the test
2.1 Design and manufacturing of the test pieces

The experimenters fabricate a single-layer and single-span reinforced concrete frame structure for the test,
adopt rebar of grade HRB400 for longitudinal steel bar for frame beams, frame columns and mudsills, and use
rebar of grade HPB300 with a diameter of 6mm for stirrups, with the interval being 150mm, strength of
concrete being C40 and thickness of protective layer being 20mm. Please refer to Table 1 for the parameters
of frame structures and Figure 1 for detailed size of test pieces and information about reinforcing bars.

Table 1: Parameters of reinforced concrete frame

Cube
Concrete compressive Diameter of Longitudin
Location Size of section strength P Stirrup o 9
rade strength longitudinal bar  al bar
9 / MPa
Frame beam 150mmx250mm  C40 44.57 HPB300 12mm HRB400
Frame column 200mmx200mm  C40 44.57 HPB300 14mm HRB400
Mudsill 150mmx200mm  C40 4457 HPB300 12mm HRB400
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Figure 1: Diagram of the size of test pieces and reinforcing bars

The concrete frame is fabricated in the field of the laboratory of Hebei Agricultural University, and formwork is
made of wood by workers in the field after rebar is bound according to the design scheme. Detailed
procedures are as follow: firstly, pour concrete, sand, stone and water into agitator kettle in sequence and stir
well; then place the mixed concrete into the wooden formwork, and finally vibrate the concrete with vibrating
rod until the concrete fills up the inner space of the formwork. Cover the test piece with plastic film after
pouring, water for curing every day, remove the formwork seven days later and use it in the experiment after
30 days of natural curing.

2.2 Loading scheme and layout of measuring points

Prior to the commencement of the experiment, the experimenters applied vaseline of proper amount to the
contact surface between the test piece and distributive girder, so as to reduce the impact of “confinement
effect” caused by frictional drag to the concrete member. They carried out ultrasonic inspection test for the
concrete member with level-to-level loading method; set the dwell time of loading of each level to be 10min,
determined the loading value and loading speed in accordance with the Standard for Test Method
of Concrete Structures (GB50152-2012T), and then performed ultrasonic test and data collection. The loading
instrument used in the test is electro-hydraulic servo multichannel pseudo-dynamic loading system, and
ultrasonic detecting instrument is ZBL-U520 nonmetal ultrasonic detecting instrument.
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3. Test phenomena and analysis of results
3.1 Test phenomena

After the concrete structure enters into loading stage, the dwell time of each level is 10min, and corresponding
measuring points are tested with ultrasonic detecting instrument afterwards. The appearance of frame does
not show any obvious change at earlier stage of loading, but when the load reaches 80%, microfractures
appear firstly on the nodes of the frame structure, then spread to the top of frame columns and simple bending
sections of frame beams with the increase of load, and the microfractures on nodes enlarge as well; when the
ultimate bearing capacity is reached, the microfractures on frame beams and frame columns all develop, with
microfractures on nodes developing the most quickly and the longest one being 150mm long and 3mm wide.
Figure 2 presents the failure mode of the test piece.

Figure 2: Failure mode of the test piece

3.2 Analysis of test results

(1) Change rule of ultrasonic velocity of concrete frame beams

Figure 3 shows the changing trend of ultrasonic velocity of simple bending sections of concrete frame beams.
It can be seen from Figure a that the compactness of concrete in the compressive zone is intensified when the
load is started to be applied, leading to the increasing trend of ultrasonic velocity; and the ultrasonic velocity
starts to show a very slight decreasing trend with the increase of load until the component is broken, drops by
2% from 4.727Km/s to 4.64Km/s.
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(a) Comprehensive zone of frame beams  (b) Tensile zone of frame beams
Figure 3: Diagram on the changing trend of ultrasonic velocity of simple bending section of the frame beams

It can be seen from Figure b that the internal damage of concrete on measuring point No. 13 and No. 15
develops faster compared with measuring point No. 13 when a load of 30% of the ultimate stress starts to be
applied, which causes an earlier decrease of the ultrasonic velocity at measuring point No.11 and No. 15, and
makes the ultrasonic velocity value at measuring point No. 13 basically remain unchanged; and the ultrasonic
velocity value at measuring point No. 11 and No. 15 decreases soon afterwards instead of from the beginning.
When a load of 80% of the ultimate stress is applied, the damage of concrete within tensile zones of the frame
beams deteriorates with continuous application of load, and the fractures develop further, resulting in the
decrease of ultrasonic velocity at the same rate at the three measuring points. When the load reaches the
ultimate stress, the internal damage of concrete further deteriorates and the development of microfractures
expedites at later stage of structural damage, which increases the falling speed of ultrasonic velocity
compared with the previous two stages. However, node failure happens to the frame structure ultimately, the
damage of tensile zones of the frame beams is only at its medium stage when the structure fails, and the drop
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of ultrasonic velocity at the three measuring points is only 5% from 4.912Km/s to 4.704Km/s finally, which is
very small.

(2) Change rule of the ultrasonic velocity in concrete frame columns

Figure 4 is the changing trend diagram of ultrasonic velocity in main broken locations of the concrete frame
columns. The initial ultrasonic velocity of the two measuring points is different due to uneven compactness of
the concrete component, which is caused by the difference in construction process. When a load of 30% of
the ultimate stress starts to be applied, the compactness of the concrete at measuring point No. 24 on the
concrete frame is enhanced under load, resulting in the increase of ultrasonic velocity accordingly. When a
load of 80% of the ultimate is applied, internal microfractures start to develop with the further increase of load
and the interaction of coarse aggregate and cementing material of the frame columns; and the fractures near
the frame nodes make ultrasonic velocity decrease quickly. When the load reaches the ultimate stress,
fractures develop on the frame columns near the nodes, spread gradually and become visible; and finally the
ultrasonic velocity drops by 7% from 4.687Km/s to 4.399Km/s.
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Figure 4: Diagram on the changing trend of ultrasonic velocity of main broken locations of frame columns

(3) Changing trend of the ultrasonic velocity in the concrete frame nodes

Figure 5 is the changing trend diagram of ultrasonic velocity in nodes of the concrete frame. As shown in the
Figure, the initial ultrasonic velocity of the left and right nodes is different due to uneven compactness of the
concrete component which is caused by the difference in construction process. When a load of 25% of the
ultimate stress starts to be applied, the internal damage of concrete at this stage is not serious enough to
change the ultrasonic velocity value of the two measuring points, because frame nodes are designed
reinforcement zones, which are capable of bearing higher loads. When a load of 80% of the ultimate stress is
applied, the internal fractures of concrete in the locations of nodes grow gradually with the increase of load
and make the route of ultrasonic prolonged when it crosses the concrete member; but the ultrasonic velocity
remains unchanged in the process, which causes the falling trend of ultrasonic velocity. When the load
reaches the ultimate stress, microfractures connect with each other to form macrofractures in the frame with
the accumulation and further development of damage. The longest macrofractures can have a length of
150mm and a width of 3mm, and make the ultrasonic velocity of the two measuring points decline at a higher
speed by 12% from 4.702Km/s to 4.166Km/s finally.
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Figure 5: Diagram on the changing trend of ultrasonic velocity of the frame nodes
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4. Baseline stress test curve

The baseline stress test curve of the concrete frame structure is fitted based on the experimental data of 30d,
the data are normalized due to different initial sound velocities with analysis software as shown in Formula (1).
The coefficients of concrete frame test piece are shown in Table 2.

o =0y (1 - AleAzﬂ) 1)

In the formula: o is the working stress of test locations of the concrete member, N/'mm?; v is the ultrasonic
velocity, Km/s; vo is the initial ultrasonic velocity, and its value is 4.848 Km / s; oy is the ultimate stress of the
concrete, N/mm?; and its value is provided in Table 2 as well; A;A, is the coefficient, and its value is provided
in Table 2.

Table 2: Coefficients of reinforced concrete frame

Location oM Ax Az

frame columns 40.0 1.3.x10-3 5.8.

frame beams 3.0 1.2x10-4 7.5.

nodes 3.0 1.5x10-4 8.0
The initial sound velocity is mainly affected by the strength of concrete in the table. The strength curves
established by Yao and Chen (2000) are close to the experimental data. However, due to the difference of
concrete materials, the measured sound velocity will deviate. Curve is improved to obtain the strength
curve: f§,=0.1986k v3-5%41 | k is the influence coefficient, take 0.8, so this paper use strength curve to deduce
the initial sound velocity in the actual construction concrete strength.
Figure 6 is the fitting chart on the relation between the working stress ratio and ultrasonic velocity ratio in the
concrete frame structure. It can be seen from the Figure that the baseline stress test curve of the concrete
frame is divided into three stages, and corresponding working stress of concrete at each stage is as follow:
Stage |: When a load of 20% of the ultimate stress starts to be applied, microfractures appear under the
interaction of coarse aggregate and cementing material as the component is only under a low stress at the
beginning of the stage. This low stress imposes certain impact to ultrasonic velocity value which exhibits a
falling trend and matches well with the fitting curve at this preliminary stage, which is called adaption stage.
Stage Il: When a load of 80% of the ultimate stress is applied, the stress is higher at this stage, long and thin
fractures generate with the development of microfractures in concrete, the ultrasonic velocity value falls at a
certain speed to 95% of the initial one finally. This stage is called fracture stage, because tiny fractures appear
on the surface of the frame; and it is also called normal work stage since the component is still in normal
service.
Stage Ill: When the load reaches the ultimate stress, the frame fails at this stage, the internal damage on main
failure locations of the frame deteriorates with the further increase of stress, and microfractures connect with
each other to form many visible fractures little by little, leading to a faster decrease in ultrasonic velocity to
85% of the initial ultrasonic velocity. This stage is called failure stage, since the yielding of rebar in the frame
reaches the ultimate bearing capacity.
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Figure 6: Fitting chart on the relation between the working stress ratio and ultrasonic velocity ratio of the frame
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5. Conclusions

This paper studies the change rule of ultrasonic velocity in the structure under the influence of complex stress
through experimental analysis of the concrete frame. The baseline stress test curve of frame structure is also
drafted using the experimental data.

(1) The change rule of ultrasonic velocity in different locations of the concrete frame is basically identical:
when a load of 20% of the ultimate stress starts to be applied, the ultrasonic velocity remains unchanged in
general; when a load of 80% of the ultimate stress is applied, the ultrasonic velocity starts to fall; and when the
load reaches the ultimate stress, the ultrasonic velocity decreases at a higher speed. The relative change of
ultrasonic velocity for different location varies, with the nodes exhibiting the biggest change, which is followed
by frame columns and frame beams in sequence.

(2) When the structure reaches the ultimate stress, the tensile zones in the simple bending sections of the
frame beams have a bigger change in ultrasonic velocity than compressive zones. Compared with the initial
ultrasonic velocity, tensile zones sustain a drop of 5% and the compressive zones sustain a drop of 2% only.
The ultrasonic velocity in the shear-bending sections drops a little by 3%; the locations on frame columns near
the nodes has a larger change with the drop of ultrasonic velocity being 7%; while the nodes sustain the
largest change in ultrasonic velocity with a drop of 12%.

(3) The baseline stress test curve of the structure is drafted through fitting the relation between working stress
and ultrasonic velocity; a coefficient table is provided for different locations of the concrete frame as well. In
engineering practice, this curve can be used to preliminary check the stress of the structure, so as to provide a
reference for test and evaluation.
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