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Abstract

To resolve the issue of cold joints forming in concrete during the construction process, this
study has developed a control system with visual prevention capabilities. By utilizing the
improved YOLO11-LP license plate recognition system, we record license plate information
and calculate the supply time of the mixture. Based on the structural characteristics of
the belt conveyor, laser ranging technology, and GNSS-RTK positioning technology, an
algorithm is proposed to determine the operating status of the belt conveyor, calculate the
position and area of the mixed material, and record the pouring and compaction time. This
algorithm is suitable for parameter acquisition equipment throughout the entire process of
mixture pouring. The developed software system is based on the parameters calculated
by the pouring process time calculation model, combined with the cold joint prevention
and control threshold of the mixture, and feeds back the construction warning information
to the site through a visual model. The application proves that the developed preventive
control system helps to avoid the formation of cold joints in the mixture.

Keywords: cold joint prevention; concrete mixture; YOLO11-LP; GNSS-RTK; visualized system

1. Introduction
Concrete, as one of the most widely used materials in modern construction engineering,

directly affects the durability and safety of the structure. However, due to negligence in
on-site management during the construction process, discontinuous construction on site
resultes in long intervals between concrete pouring in different areas of the structure, and
the interval between pouring new and old concrete exceeds the initial setting time of the
old concrete, leading to the formation of weak bonding surfaces between the new and old
concrete, namely cold joints [1–4]. The presence of cold joints can cause changes in the
porosity of concrete, which not only directly affects the mechanical properties of concrete
but also increases durability issues such as chloride ion penetration [5,6], thus reducing the
actual service life of concrete buildings [7,8].

In fact, the pouring interval is the main reason for the formation of cold joints and
an important factor affecting the mechanical properties and durability of the cold joint
interface [9]. Zhao et al. [10] studied the influence of factors such as pouring interval and
cold joint position on the mechanical properties of cold joint concrete. The results showed
that with the increase in pouring interval, the elastic modulus and splitting tensile strength
of concrete decreased linearly and exponentially, respectively. Ji et al. [11] studied the
damage mechanism of concrete under different pouring intervals. The research results
showed that the adhesion force and internal friction angle of the cold joint interface were
logarithmically related to the pouring interval, and the longer the pouring interval, the
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lower the concrete performance. Therefore, strictly controlling the pouring interval of
concrete during the construction process can prevent the formation of cold joints. However,
the pouring position and pouring time during the construction process mainly depend on
the subjective control of workers during the construction period. These parameters have
significant randomness, making it impossible to control the pouring time interval, which
will lead to the formation of concrete cold joints.

In recent years, with the development of information technology and intelligent
sensors, solutions for similar construction problems have emerged in civil engineering
construction [12,13]. Tian et al. [14] attempted to use Global Navigation Satellite Systems
(GNSS) to track the vibration trajectory of concrete. Zhong et al. [15] used Global Navigation
Satellite Systems (GNSS) to collect real-time data on compaction process parameters. This
positioning data is used to evaluate the construction quality of the entire building area and
provide timely feedback to workers, thereby achieving effective control of construction
quality [16]. Pehlivan [17] used a robotic total station (RTS) and GNSS to determine the
relative displacement of tower structure motion. Liu et al. [18] proposed a cyclic operation
network (CYCLONE) simulation model for component storage and hoisting to calculate
the on-site transportation time of precast concrete. Liu et al. [19] used EDEM to simulate
the transportation and unloading process of fresh concrete and established the relationship
between surface energy and mixing time. Zhang et al. [20] developed a regression model
to predict the shear strength of cold-jointed concrete. Deng et al. [21] used BP and CFD
simulations to determine the flow parameters of concrete slurry and determine the pouring
interval time. However, existing research on intelligent construction mostly focuses on the
control of single processes, such as concrete vibration and compaction, and some studies
focus on performance evaluation after the formation of cold joints. There are still significant
shortcomings in the dynamic supervision of cold joint formation during the entire process
of concrete pouring.

Existing research has mostly focused on the analysis of performance degradation
patterns after the formation of cold joints, or on intelligent exploration of single construction
processes, such as vibration trajectory and transportation time. However, none of them
have achieved a collaborative collection of key parameters and dynamic warning of cold
joint risks throughout the entire process of concrete production, transportation, pouring,
and vibration. The core innovation of this study lies in the first proposal of an integrated
solution that integrates multiple technologies, such as YOLO11-LP license plate recognition,
laser ranging, and GNSS-RTK positioning. A full process parameter acquisition algorithm
covering automatic calculation of mixing material feeding time, accurate measurement
of fabric position and area, and dynamic recording of pouring and compaction time was
constructed. Based on this, a visual model-based cold joint warning and feedback control
mechanism was developed, achieving a technological leap from “post evaluation” of cold
joints to “process prevention”, providing a solution for intelligent prevention and control
of cold joints in concrete construction, and contributing to the long-term stable operation of
concrete structures.

2. Acquisition Algorithms of the Entire Pouring Process Parameters
Cold joint refers to the phenomenon in the pouring process of a mixture, where the

interval between pouring layers at different times is too long, or waiting for vibration
causes damage to the initially set structural layer, leading to defects in the joint surface.
Obviously, the spatial and temporal control of the preparation, transportation, pouring,
and vibration processes in the warehouse will directly affect the probability and severity
of the formation of cold joints in the joint surface of layered pouring. Due to the lack of
corresponding acquisition algorithms and supporting sensors, it is difficult to calculate the
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pouring time and location in the current manual pouring construction. However, improper
calculation of pouring time and position can lead to cold joints in the structure of the
mixture, which is not conducive to the long-term stable operation of the mixture. Therefore,
the acquisition of data throughout the entire process of pouring the mixture is a key step in
preventing and controlling the occurrence of cold joints in the mixture.

2.1. Calculation Model for the Whole Process Time of Mixture Pouring

The pouring process of concrete mixture usually involves multiple continuous pro-
cesses, including material production, transportation, pouring, and vibration, as shown in
Figure 1. The accumulated process time from the outlet to the completion of vibration can
be referred to as the total process time T of pouring the mixture.

Figure 1. Pouring process of the concrete mixture.

In the process of concrete construction, the specific time parameters for each process
include the following: Supply time (TA), which is the total time it takes for the concrete
mixture to be loaded and transported from the mixing station to the unloading port for
unloading; Pouring time (TB) refers to the duration during which the mixture is transported
by the belt conveyor system from the discharge port to the discharge port; Coverage time
(TC) refers to the time required for the mixture of the next pouring layer (purple area in
Figure 1) to completely cover the current pouring layer (green area in Figure 1) along the
pouring path; Vibration time (TD) is the duration of the compaction operation after the next
layer of mixed material is covered. These time parameters together constitute the complete
process sequence system for pouring concrete mixtures. Therefore, Equation (1) for the
entire process time T of pouring the mixture is defined as follows:

T = TA + TB + TC + TD (1)

where TA is the supply time, TB is the pouring time, TC is the coverage time, and TD is the
vibration time.

However, the pouring stage, covering stage, and vibration stage together constitute
the core process of the mixture construction stage. As shown in Figure 1, these three stages
have significant spatial synergy, all completed continuously at the same position on the
warehouse surface, and the time of the three stages can be calculated together. Therefore,
Equation (2) for the entire pouring process time T is simplified as follows:

T = TA + TS (2)

where TS is the mixture pouring and vibrating stage.
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2.2. Acquisition of Supply Time

The time for the mixture transport vehicle to load from the mixing station and unload
from the discharge port is the supply time. Manual recording of time is inefficient and
subject to human interference, making it difficult to accurately collect the supply time of
the mixture. Therefore, it is necessary to record the license plate information and the time
of the transport vehicle at the loading and unloading points.

2.2.1. Calculation of Supply Time

To ensure real-time and accurate acquisition of the supply time of the mixture. As
shown in Figure 2, cameras are installed at the loading and unloading ports, respectively, to
accurately identify license plate information and time. The supply time can be decomposed
into the loading time tSTA and the unloading time tEND, and the supply time of the mixture
can be calculated using Equation (3).

TA = tEND − tSTA (3)

where TA is the supply time, tSTA is the loading time of the mixture, and tEND is the
unloading time of the mixture.

Figure 2. Collection process of the supply time.

2.2.2. License Plate Recognition System Based on YOLO11

The workflow of license plate recognition mainly includes license plate localization and
character recognition. At present, traditional image processing methods for license plate
detection usually rely on features such as color, texture, and edges to achieve localization
and recognition [22]. However, during the construction process, the license plates of the
mixture transport vehicles are prone to low resolution, stains, and obstructions, which
seriously affect the recognition performance. It is difficult to accurately predict license plate
information using traditional image recognition methods and datasets. To address these
issues, we propose a license plate detection method based on an improved YOLO11, called
YOLO11-LP (Improved license plate recognition model based on YOLO11), with the model
architecture shown in Figure 3. Firstly, in order to improve the model’s ability to detect
occluded license plates, the C2SMM module was introduced to replace the original C2PSA
module. Secondly, the WIoUv2 loss function is introduced to replace the original CioU loss
function, solving the problem of slow convergence in the later stages of training.
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Figure 3. Model Architecture of YOLO11-LP.

In license plate detection, occlusion becomes an important factor affecting the accuracy
of the model [23]. When the license plate is obstructed by concrete and dust, YOLO11 may
not be able to accurately recognize the position or characters of the license plate, resulting
in detection errors. This article proposes an improved C2PSA module called C2SMM,
which replaces the attention mechanism in the PSABlock module with a Spatial Enhanced
Attention Module (SEAM) [24]. The experimental results show that the improved YOLO11
model effectively handles concrete and dust occlusion in complex environments. The
network architecture of the C2PSS module and the SEAM module is shown in Figure 4.

YOLO11 uses CIoU as the default loss function, which cannot be dynamically adjusted
based on sample quality or training difficulty. However, the target of license plate detection
is very small, and due to factors such as occlusion and adverse weather conditions, the
quality is usually low or difficult, resulting in a negative impact on the overall detection
accuracy of the neural network when calculating the static CIoU loss. To address the limita-
tions of CIoU, researchers introduced the WIoUv2 loss function [25]. WIoUv2 enhances the
model’s ability to focus on difficult samples while reducing the impact of simple samples
on the loss function, as shown in Equation (4):

L = (
L∗

IoU

LIoU
)

γ

LIoU RWIoU (4)

where ( L∗
IoU

LIoU
)

γ
is the Focusing coefficient, and γ is a hyperparameter used to adjust the focus

coefficient value. L∗
IoU and LIoU calculations follow Equation (5), and RWIoU calculation

follows Equation (6), where * represents that its value will be continuously updated based
on each target detection during the training process.

LIoU = 1 − Abox ∩ Bbox
Abox ∪ Bbox

(5)
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Figure 4. Network architecture of the C2PSS module and the SEAM module.

Equation (5) represents the complement of the intersection and the ratio of the pre-
dicted frame to the target frame. As shown in Figure 5, the Abox and Bbox in Equation (5)
refer to the red predicted frame in the upper left corner and the purple target frame in the
lower right corner, respectively.

RWIoU = exp(
(xAbox − xBbox)

2 + (yAbox − yBbox)
2

(w2 + h2)∗
) (6)

Among them, (xAbox, yAbox) and (xBbox, yBbox) represent the center coordinates of the
predicted bounding box and the target bounding box, respectively, as shown in Figure 5.
The values of w and h represent the width and height of the minimum bounding box of the
predicted and target bounding boxes, as shown by the blue dashed boxes in Figure 5.

The application of ( L∗
IoU

LIoU
)

γ
and RWIoU in WIoUv2 enables the model to better optimize

complex samples, thereby improving the overall performance of bounding box regression.
It is particularly suitable for handling low-resolution, small targets, occluded license plates,
and multi-scale challenge samples in license plate detection. In addition, it also helps to
converge the model more effectively in the later training stage, which contributes to the
overall enhancement in regression performance.

The above algorithm can accurately recognize license plate information, but the calcula-
tion of supply time still requires real-time recording of the loading time tSTA and unloading
time tEND of the transport vehicle. In practical engineering scenarios, due to the complex
condition of construction site vehicles, the system inevitably collects invalid license plate
data of non-mixed material transport vehicles, resulting in database redundancy and low
data transmission efficiency. Therefore, combined with the above license plate recognition
algorithm, we provide a license plate recognition system that adds timestamp marking and
the function of specifying license plates. By simply importing the license plate information
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of the on-site mixture transport vehicle, the acquisition of the mixture supply time can be
completed. Figure 6 shows the license plate recognition system.

Figure 5. Schematic diagram of WIoUv2-related parameters.

 

Figure 6. License Plate Recognition System.



Buildings 2025, 15, 3096 8 of 25

In order to verify the effectiveness of the improved model, this paper compared
YOLO11n [26] with the YOLO11-LP model proposed in this paper based on the same
training dataset, and evaluated the performance advantages and disadvantages of the
YOLO11-LP model. Figure 7 shows a comparison of accuracy, recall, and mAP results. The
results indicate that in the Precision metric, YOLO11-LP consistently outperforms YOLO11n
(green curve), indicating better accuracy in predicting positive cases. The comparison of
mAP50 indicators further confirms that YOLO11-LP has a stronger recognition ability for
easily detectable targets. The mAP50-95 index is particularly prominent, with YOLO11-
LP leading steadily by about 2–5%. This index covers the IoU threshold of 0.5–0.95 and
is sensitive to difficult-to-detect objects such as small targets and occluded targets, fully
demonstrating that YOLO11-LP is more suitable for complex tasks such as vehicle occlusion
and small-sized identification in concrete construction scenes. Although the overall overlap
of the recall curve is high, YOLO11-LP has smaller fluctuations in the later stage, reflecting
its better predictive stability.

 

Figure 7. Precision, recall, and mAP results of different YOLO models.

2.3. Acquisition of Pouring and Vibrating Time

The pouring and vibrating time of the mixture refers to the time interval between the
discharge of the mixture and the completion of the next layer of covering and compacting.
As shown in the figure, RTK positioning devices are installed at the discharge outlet and the
top of the vibrating head. For the first fabric (blue area in Figure 8), the positioning device
at the discharge port records the current position coordinates in real time. The second
fabric (green area in Figure 8) covers the first fabric area, and the positioning device at the
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discharge port records the position coordinates in real time. Finally, when the construction
personnel operate the vibrating rod, the positioning device on their head synchronously
collects the precise coordinates of the vibrating point. When the coordinates of these three
positions completely coincide, it indicates that the mixture in the blue area has completed
the complete pouring process, and the system will record the time when the vibration is
completed. Based on the unloading time of the mixture described in Section 2.2.1, the actual
pouring and compacting time of the mixture at that location can be accurately calculated.
Equation (7) is defined as follows.

TS = tW − tEND (7)

where TS is the mixture pouring and vibrating time, tW is the time after the fabric is vibrated
twice in the area, and tEND is the unloading time of the mixture.

Figure 8. Positioning device for the pouring and vibrating stage of the mixture.

2.4. Acquisition of Pouring Position and Area

In the construction of concrete mixture pouring, the flat and layered pouring process is
a key technology to ensure the quality of the project. Its core is to pour the concrete mixture
layer by layer and fully vibrate it to ensure that each pouring layer can meet the design
requirements for compactness and uniformity. However, in the actual construction process,
the mixture is usually discharged from the discharge port and gradually spreads to form a
certain range of pouring area after vibration operation. To accurately evaluate and control
the pouring quality, it is necessary to accurately calculate the pouring position and area of
the mixture. Based on this, a precise calculation of pouring position and area is achieved
through the following algorithm.

2.4.1. Calculation of Pouring Position

The pouring position of the mixture is highly random and concentrated, and the
flat and layered pouring process will control the uniform layering height of the mixture.
Therefore, only two-dimensional position coordinates need to be collected to describe the
spatial pouring characteristics of the mixture. As shown in Figure 9, RTK positioning
antennas are deployed at key positions at the discharge port of the pouring machine, which
can obtain the plane coordinates (X, Y) of the mixed material landing point in real time.
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Figure 9. Pouring positioning device.

2.4.2. Calculation of Pouring Area

The calculation of the pouring area of the mixture needs to be based on the calculation
of the pouring volume. For this purpose, a laser sensor (as shown in Figure 10) was
installed at the discharge port of the pouring machine to collect real-time data on the height
of concrete mixture accumulation and calculate the pouring volume of the mixture based
on the geometric parameters of the cross-section.

Figure 10. Mixture volume testing test.

As shown in Figure 10, the belt conveyor adopts a semi-circular cross-section design,
and the laser sensor is vertically installed above the belt. Among them, the fixed distance
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from the sensor to the bottom of the belt is H, while the real-time measurement distance
from the sensor to the concrete surface is defined as the dynamic parameter h.

Before measuring the volume of the mixture, it is necessary to determine the operating
status of the belt conveyor. To accurately determine the operating status of the belt con-
veyor, the dynamic parameter h is compared with the preset threshold hy, and the optimal
threshold hy is determined through a large number of experiments (experimental data are
shown in Figure 11). When h is greater than or equal to hy, the system determines it to be in
the “material work” state. When h is less than hy, it is judged as a “no material work” state,
as shown in Equation (8): {

No mixture, h ≥ hy

Exist mixture, h < hy
(8)

where h is the real-time measurement distance from the sensor to the concrete surface, and
hy is the preset threshold.

 

Figure 11. Threshold judgment of mixture.

When the operating state of the belt conveyor is in the “material working” state, calcu-
late the cross-sectional area of the concrete mixture. According to geometric principles, the
calculation Equation (9) for the cross-sectional area A of the concrete mixture is as follows:

A = R2 × arccos[(R − hC)/R]− (R − hC)×
√
(R2 − (R − hC)

2) (9)

hC = H − h (10)

where A is the cross-sectional area of the concrete mixture, R is the radius of the belt, hC is
the real-time stacking thickness of the concrete mixture, and H is the fixed distance from
the laser sensor to the bottom of the belt.

The calculation of the volume of the concrete mixture can be achieved through the
integral method of cross-sectional area, and its Equation (11) is defined as follows:

V =
∫

(A × v)dt (11)
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where V is the calculated volume of the concrete mixture, and v is the conveyor speed of V.
Considering the loose characteristics of concrete mixtures during belt transportation

and the detection frequency of laser sensors, a correction factor needs to be introduced into
the actual volume calculation to establish a dynamic correction model. Revised volume
calculation, Equation (12), is as follows:

VC =
n

∑
i=1

k(i)× A(i)× 1
f

(12)

k =
VR
V

(13)

where VC is the corrected volume of the mixture, VR is the true volume of the mixture, k is
the model correction coefficient, n is the total number of laser sensor detections, i is the i-th
monitoring by the laser sensor, and f is the detection frequency of the laser sensor.

The reasonable determination of the correction factor k is a key step in ensuring
the accuracy of the calculation of the volume of the mixture. Therefore, multiple sets
of mixed material height data were collected using laser sensors, and the theoretical
calculation results of Equation (11) were systematically compared and analyzed with the
measured data of standard containers. Based on Equation (12), a quantitative relationship
model between the correction coefficient k and the detection height h was established. As
shown in Figure 12, the experimental results indicate that the correction coefficient k is
significantly negatively correlated with the detection height h, and increases monotonically
as h decreases. The relationship between the two conforms to a polynomial model, and its
goodness of fit is good (RMSE = 0.012, R2 = 0.9233), indicating that the model can accurately
characterize the k-h relationship.

Figure 12. Relationship between the correction coefficient k and the height h detected by the laser sensor.
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To ensure the accuracy of the calculation of the pouring area of the mixture, it is
necessary to strictly adopt the method of leveling and layering, accurately control the
consistent pouring height of each layer, and combine with the pouring volume VC described
in the previous section to calculate the actual area of the mixture. Equation (14) is defined as:

AK =
VC
HD

(14)

where AK is the diffusion area of the mixture, and HD is the height of the pouring layers of
the mixture.

3. Development of Cold Joint Prevention and Control System
It is necessary to develop equipment that matches the parameters by using the afore-

mentioned acquisition algorithms to collect real-time pouring process parameters of the
mixture. These devices are mainly used to obtain the license plate information of transport
vehicles, the time for feeding and pouring the mixture, the pouring area, and the location
of the mixture. Then, these parameters are transmitted to the developed software system to
achieve the prevention and control of cold joints in the incoming mixture.

3.1. Data Acquisition and Transmission System

The acquisition of the pouring position, supply time, pouring, and vibration time of
the mixture is composed of corresponding equipment and acquisition algorithms. This
algorithm is divided into two parts: positioning calculation of the pouring area of the
mixture, and calculation of the entire pouring process time. Therefore, the corresponding
equipment includes cameras, positioning devices, and laser sensors. This system will
provide on-site workers with a reasonable construction sequence and calculate parameters
to prevent the formation of cold joints in the mixture.

3.1.1. Regional Positioning Device

A high-precision pouring area positioning device has been developed, which collects
corresponding calculation parameters to obtain real-time information on the pouring
area and position during the construction process. As shown in Figure 13, the device
adopts a modular design and is mainly composed of three core components: a GNSS-RTK
(Global Navigation Satellite System—Real-Time Kinematic, a real-time dynamic differential
technology of global navigation satellite system that can achieve centimeter-level precise
positioning of construction positions) positioning antenna, which is installed at a key
position of the discharge port; an industrial grade laser sensor, which is integrated at the
discharge port and synchronously monitors the conveyor status and the surface height of
the mixture; and a main control box, which is equipped with advanced algorithms to fuse
and transmit multi-source data.

GNSS-RTK technology, with its centimeter-level high-precision positioning capability,
has become one of the core technologies for construction site positioning. Based on the
principle of this positioning technology, we have developed a real-time pouring point
positioning device for the pouring process of concrete mixtures. The GNSS-RTK receiver
obtains real-time geodetic coordinates (latitude and longitude) of the discharge port, and
the positioning data is transmitted to the main control box through SMA-90.

As shown in Figure 13, the main control box uses the ESP32-WROVER-E-N16 chip as
the main control MCU. The chip is based on the FreeRTOS real-time operating system and
receives and calculates satellite raw data through the RTK-801 chip, completing accurate
calculation of the latitude and longitude coordinates of the discharge port.
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Figure 13. Equipment and principle for collecting pouring area position data.

Considering that rectangular coordinate systems are commonly used in practical engi-
neering applications, and the discharge port positioning model is based on the Gaussian
Kruger projection plane coordinate system, the system has established a transformation
model between the WGS-84 geodetic coordinate system and the Gaussian plane coordi-
nate system. This model converts the calculated latitude and longitude coordinates into
engineering-applicable N-E (northeast) plane coordinates through steps such as central
meridian selection and Gaussian projection forward calculation.

As shown in Figure 13, the laser sensor collects real-time surface height data of the
mixture, which is transmitted to the main control system through the MX1.25-4P interface.
The main control system accurately identifies the “material working” status of the belt
conveyor through intelligent algorithms.

The main control device integrates GNSS-RTK positioning data, mixture surface height
data, and belt conveyor operation status together, and then transmits them to the cloud
database for accessing the software system using 4G modules. Finally, these collected
parameters are combined with the pouring area and position calculation model to obtain
the location of the mixture area.

3.1.2. Time Acquisition Device

We have developed a device for collecting the entire pouring process time of the
mixture, which can obtain real-time information on the pouring process time by collecting
the supply time and pouring time of the mixture. As shown in Figure 14, the device
adopts a modular design and mainly consists of three core components: a dual end license
plate recognition system deployed at the mixing station and construction site, which
automatically records the precise time of loading and unloading of transport vehicles based
on machine vision technology; a high-precision GNSS-RTK positioning system that collects
real-time spatial coordinates and timestamps of the discharge port and vibration operation;
and a main control box, which is equipped with advanced algorithms to fuse and transmit
multi-source data.
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Figure 14. Time acquisition equipment and principle for the entire pouring process.

As shown in Figure 14, the high-definition camera installed at the mixing station uses
the YOLO11-LP deep learning algorithm to recognize the license plate of the transport
vehicle in real time, and transmits the recognition result and timestamp to the cloud server
through a 4G network. The supply time of the mixture is calculated using Equation (3).

The system adopts a dual-node GNSS-RTK high-precision positioning scheme: one
node is fixedly installed at the discharge port, and the other node is integrated on the
top of the vibrating worker’s head. Two positioning terminals record real-time location
coordinates and synchronously transmit them to the cloud server through a 4G module.
The cloud server uses a spatial location matching algorithm to automatically record the
timestamp and calculate the pouring operation duration based on Equation (7) when the
coordinates of the vibration point are detected entering the pouring area. Finally, based on
the data of the supply time and pouring time of the mixture, the server combines Equation
(2) to calculate the entire pouring process time.

3.2. Cold Joint Prevention and Control System
3.2.1. Selection of Cold Joint Threshold

The setting of cold joint prevention and control threshold indicators for mixtures aims to
improve construction quality and reduce the probability of cold joint occurrence. Specifically,
when pouring the lower layer mixture, the optimal pouring scheme can be selected based
on the threshold index, and the selection of the threshold needs to be calibrated through
experiments. The experimental research results show that there is a strong correlation between
pouring interval time and concrete performance, with splitting tensile strength decreasing
exponentially with increasing interval time (R2 ≥ 0.94), and chloride ion diffusion coefficient
increasing exponentially with increasing interval time (R2 ≥ 0.98). Based on this rule, the
pouring interval is divided into four sections—good, moderate, severe, and cold joint—
providing a quantitative basis for construction decision-making.

In order to select the appropriate cold joint prevention and control threshold for the
mixture, the initial setting time of the mixture in Table 1 was measured in the laboratory
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using a mixture penetration resistance tester, which was 6 h. Based on the initial setting
time of the experimental mixture, five sets of mixture samples containing cold joints were
set up in this experiment. The corresponding pouring intervals for the samples are 0 h,
0.5 h, 2 h, 4 h (before the initial setting time of the mixture), and 6 h (the initial setting time
of the mixture) [9]. The sample group numbers are T0, T0.5, T2, T4, and T6. The size of
the specimen used for concrete mechanical performance testing is 150 × 150 × 150 mm3.
The concrete resistance to chloride ion penetration test uses cylindrical specimens with
a diameter of 100 mm and a height of 50 mm, using a coring machine. Table 1 lists the
grouping, size, and experimental content of the samples.

Table 1. Test specimens.

Specimen Pouring
Interval (h) Stage Size Test Method

T0-1
0 Normal

150 × 150 × 150 Mechanical properties

T0-2 Φ100 × 50 chloride-ion penetration resistance

T0.5-1
0.5

Initial setting

150 × 150 × 150 Mechanical properties

T0.5-2 Φ100 × 50 chloride-ion penetration resistance

T2-1
2

150 × 150 × 150 Mechanical properties

T2-2 Φ100 × 50 chloride-ion penetration resistance

T4-1
4

150 × 150 × 150 Mechanical properties

T4-2 Φ100 × 50 chloride-ion penetration resistance

T6-1
6 After initial setting

150 × 150 × 150 Mechanical properties

T6-2 Φ100 × 50 chloride-ion penetration resistance

The mold used for pouring the mixture is a prefabricated plastic mold. Before pouring
the mixture into the mold, apply release oil to both sides of the plastic mold to facilitate
the subsequent release of the mixture sample. In the laboratory, mix the raw materials
according to the proportions shown in Table 2, mix the raw materials according to the
proportions shown in Table 2, and pour them into the mold twice. Pour half of the mixture
each time and compact it with a vibration table. After the set interval, use the same mixing
ratio to fill the other half of the mold with fresh mixture and vibrate it, and promptly
level the pouring surface. After demoulding, the sample is placed in the curing room for
standard curing, with a curing period of 28 days. After curing, mechanical strength tests
and chloride ion diffusion coefficient measurements are conducted.

Table 2. Mix proportion of concrete specimens (kg/m3).

Grade Mix Proportion(kg/m3)

Cement Fly Ash Mineral Powder CPA Fine Aggregate Coarse Aggregate Water Water Reducer

C30 141 56 56 28 764 1357 118 4.5

The cement used in this experiment is Portland cement. The mineral mixture consists
of grade I fly ash and S95 slag powder. The anti-corrosion enhancer is JS-HGCPA. The
particle size pouring of the fine aggregate is shown in Figure 15. The coarse aggregate
is granite crushed stone (Figure 15), which is graded into three levels, namely 5–20 mm,
20–40 mm, and 40–80 mm. After mixing with various blending ratios, the bulk density
is compared, and the blending ratio with the highest bulk density is selected. The final
blending ratio is 5–20 mm: 30%, 20–40 mm: 30%, 40–80 mm: 40%. The water is laboratory
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tap water, using high-performance polycarboxylate superplasticizer. The mixing ratio is
shown in Table 2.

 

Figure 15. Particle size pouring of Fine aggregate and Coarse aggregate.

The experimental results indicate that the performance of the cold joint mixture is
closely related to the interval time between the front and rear pouring layers. As shown in
Table 3, Table 4 and Figure 16, the correlation coefficient between compressive strength and
interval time is −0.72, but its p-value is 0.169 (greater than the significance level of 0.05),
and the 95% confidence interval crosses zero values ([−0.98, 0.443]), indicating that there is
no significant correlation between the two. In contrast, there is a highly significant negative
correlation between the splitting tensile strength and the interval time (r = −0.96, p = 0.01),
with a 95% confidence interval of [−0.997, −0.505], excluding zero values, indicating a
significant negative correlation between the two. In addition, there is a strong positive
correlation between the diffusion coefficient of chloride ions and the interval time (r = 0.97,
p = 0.006), with a 95% confidence interval of [0.619, 0.998], also excluding zero values,
indicating a significant positive correlation between the two. Therefore, the splitting tensile
strength and chloride ion diffusion coefficient are selected as the threshold indicators for
cold joint prevention and control of the mixture.

Based on the experimental results, the threshold interval for concrete cold joints is set,
as shown in Figure 17. It is divided into four intervals according to the decay of concrete
performance: good (0–2 h), moderate (2–4 h), severe (4–6 h), and cold joints (>6 h). These
four intervals provide a decision-making basis for the timing of pouring the lower layer of
concrete, thereby optimizing the construction plan.
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Table 3. Test result.

Interval Time (S) Split Tensile
Strength (MPa)

Compressive
Strength (MPa)

Chloride Ion Diffusion
Coefficient (MPa)

0 4.16 58.6 11.2

0.5 4.02 59.2 11.3106

2 3.95 58.3 12.7874

4 3.89 58.1 14.1293

6 3.73 58.2 18.1041

Table 4. Correlation analysis parameters between different variables and the interval time.

Variable Correlation
Coefficient (r) p-Value 95% CI Interpretation

Compressive strength −0.72 0.169 [−0.98, 0.443] No significant correlation

Split tensile strength −0.96 0.01 [−0.997, −0.505] Significant negative
correlation

Chloride ion diffusion
coefficient 0.97 0.006 [0.619, 0.998] Significant positive

correlation

Figure 16. Analysis of the correlation between the interval time and the performance of the pouring
layer of the mixture.

As shown in Figure 18, with the increase in pouring interval time, the performance of
the mixture shows a clear stage-wise decay characteristic, gradually deteriorating from the
initial good state until the formation of cold joints. Specifically, the diffusion coefficient of
chloride ions shows a monotonically increasing trend with interval time (R2 ≥ 0.98), while
the tensile strength shows a regular decreasing trend (R2 ≥ 0.94), and both trends follow
an exponential function relationship. Moreover, when the interval time exceeds the critical
threshold (t ≥ 6 h), the performance parameters will enter the rapid degradation zone, and
the interfacial bonding performance of the mixture will significantly decrease, leading to a
sharp increase in the risk of cold joints.



Buildings 2025, 15, 3096 19 of 25

 

Figure 17. Performance decay curve of concrete at different pouring intervals.

 
(a) 

 
(b) 

Figure 18. Calibration interval for the cold joint threshold of the mixture. (a) Relationship between
splitting strength and interval time; (b) Relationship between chloride ion diffusion coefficient and
interval time.
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3.2.2. Cold Joint Prevention Visualization System

This visualization system is developed based on the B/S architecture, using the PHP
language to calculate the pouring time of the mixture, and using WebGL to develop the
visualization of the 3D model [27]. In terms of model implementation, the system achieved
Boolean operations and cutting functions with the main model by establishing fine grid cells
of 5 cm × 5 cm × 10 cm in three-dimensional space [28]. Each grid cell is associated with a
key time parameter (T), which accurately records the time of the entire process of pouring
the mixture at the corresponding position. In addition, the system has preset a cold joint
prevention threshold for the mixture to control the pouring plan of the mixture. By real-time
matching the time parameters (T) of each unit with preset threshold intervals, different
color attributes are assigned to grid cells based on different threshold intervals, achieving
the development of a visualized overall structure pouring process time pouring system.

In order to accurately visualize the time pouring of the entire process of pouring
the mixture, the mapping relationship between the coordinate system and the physical
building coordinate system (WGS-84 coordinate system based on GNSS measurement) [29].
Due to the flat and layered pouring process, ensuring a constant pouring height (Z value)
for each layer, alignment between the two coordinate systems can be achieved through
only plane coordinate conversion.

Select at least two non-collinear control points in both the 3D model and the actual
construction site, and record their plane coordinates in the two coordinate systems. Use
the Helmholtz transform to calculate the coordinate system transformation parameters, as
shown in Equation (15): (

XM
i

YM
i

)
=

(
A −B
B A

)(
XG

i
YG

i

)
+

(
C
D

)
(15)

where (XM
i , YM

i ) and (XG
i , YG

i ) respectively represent the coordinates of the i-th point in
the three-dimensional model coordinate system and WGS84 coordinate system; A, B, and
(C, D) represent the rotation angle, scaling parameter, and translation parameter of the
coordinate system, respectively.

Based on the real-time coordinates (X, Y) of the mixed material landing point obtained
in Section 2.4, after coordinate transformation, the system automatically constructs a three-
dimensional pouring unit model with this point as the center. The specific implementation
process is as follows: Firstly, based on the calculated fabric area AK in Section 2.4, the
system determines the radius of the pouring area and generates a circular projection surface.
Subsequently, it extends along the vertical direction according to the preset control height
HD, forming a standardized cylindrical spatial unit. Each unit is matched in real time with
the preset threshold interval of the system based on its pouring process time parameter T,
and automatically assigned corresponding color attributes, as shown in Figure 19.

Figure 19. Visual Process Diagram.

Taking the construction of concrete ship locks as an example, on-site construction
workers can directly use the webpage to query the pouring time of the structure. The
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visualization system webpage and functions are shown in Figure 20. After loading a
construction section model of the ship lock into the system, the system will cut the model.
Each layer of the model consists of several units, and five different colors are used to
represent the pouring time of units at different positions of the mixture. When the unit
displays black, the concrete mixture has already set and requires cold joint treatment. When
the unit displays red, the concrete mixture is about to set, and priority should be given to
pouring and vibrating the next layer of concrete mixture. In the initial state, all units are
set to a semi-transparent color, which can visually distinguish between areas that have not
been poured and areas that have been poured. Construction workers can use the toolbar
on the left to quickly view the fabric time and location of different units.

Figure 20. Visualization system webpage and functions.

3.2.3. On-Site Application

To verify the applicability of the system in practical engineering environments, this
study conducted comprehensive on-site performance testing. The test results show that
the core algorithm modules of the system (including license plate recognition, spatial
positioning, and volume calculation, etc.) can stably control the total processing time within
the range of 45–55 s when completing the full process calculation from data collection to
warning output. It is worth noting that the system has low hardware resource requirements
and can operate stably on the construction site. These characteristics fully meet the low
latency and high stability requirements for real-time monitoring systems in the concrete
pouring process, confirming that the system has good practical application value and
feasibility for promotion in various engineering sites.

Under the standard operating condition of an ambient temperature of 22 ◦C, the
actual application effect of the ship lock test section (Figure 21) shows that the cold joint
control model established by the system exhibits excellent construction control performance.
Specifically, the pouring unit time in the core area is controlled within the optimal range
of 30–120 min, and the pouring time in special structural areas (such as edge areas and
around the collection well) is maintained within the safety threshold of 120–240 min. It
is worth noting that there were no high-risk points exceeding the initial setting critical
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value of concrete (360 min) in the entire construction section, and the incidence of cold
joint defects was zero. Specifically, the system collects real-time time data throughout the
entire process, combined with a dynamic threshold warning mechanism, to ensure that
each construction unit completes the process connection within the optimal time window,
thereby avoiding the occurrence of cold joint defects.

Figure 21. Cold joint control model after pouring completion.

4. Discussions
Although the developed mixture cold joint prevention and control system has demon-

strated good convenience and accuracy in data collection and real-time monitoring, its
practical application effect still highly relies on the standardized operation of construction
personnel. The system requires workers to strictly follow the uniform layering process for
pouring construction; only in this way can the accuracy of model positioning and the opti-
mization of prevention and control effects be ensured. However, in practical engineering,
due to the complex and ever-changing construction environment, relying solely on manual
operation is difficult to ensure absolute construction uniformity. Therefore, future research
will focus on optimizing the pouring position algorithm, further improving the system’s
automatic monitoring ability for concrete coverage area and pouring uniformity, thereby
reducing dependence on manual operation and achieving more accurate and reliable cold
joint prevention and control.

This study calibrated the cold joint prevention and control threshold of three graded
concrete under laboratory standard curing conditions, providing fundamental data for
cold joint prevention and control. However, there are significant differences between
the actual engineering environment and laboratory conditions. External factors such as
temperature, wind speed, humidity, and changes in construction processes may affect the
initial setting characteristics of concrete, thereby altering the critical threshold for cold joint
formation. To enhance the engineering applicability of the cold joint prevention and control
system, future research will focus on conducting concrete performance tests under multiple
environmental conditions, systematically studying the influence of different environmental
parameters on the initial setting time, and establishing a dynamic prediction model for
cold joint prevention and control thresholds based on big data analysis to achieve refined
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pouring control in different construction environments, thereby ensuring the accuracy and
reliability of prevention and control measures in practical engineering.

5. Conclusions
Controlling the pouring time of the mixture is a key step in improving the mechanical

properties, chloride ion resistance, and avoiding cold joints of concrete. In order to solve
the problem of cold joints in the mixture caused by subjective control of the pouring process
parameters by workers, this paper developed a cold joint prevention and control system
for the mixture. The following conclusions have been drawn regarding the acquisition
algorithm and equipment for pouring process parameters, as well as the evaluation and
visualization software in the system.

(1) By improving the YOLO11-LP model (integrating the C2SMM module and the
WIoUv2 loss function), a license plate recognition system is established to obtain the license
plate information and the supply time of the mixed material transport vehicle. At the same
time, based on the structural characteristics of the belt conveyor, laser ranging technology,
and GNSS-RTK positioning technology, an algorithm was proposed to determine the
operating status of the belt conveyor, calculate the position and area of the mixed material,
and record the pouring and compaction time.

(2) Developed a parameter acquisition device suitable for the entire process of mixing
and pouring, collecting calculation parameters during the pouring process. These devices
include license plate recognition systems, laser sensors, discharge outlets, and vibration
head positioning devices. By combining acquisition algorithms, real-time acquisition and
transmission of pouring process parameters can be achieved.

(3) Developed a cold joint prevention and control system for mixtures to obtain pouring
process parameters at the construction site. The system is based on an energy-pouring
process time calculation model to calculate the pouring time, and uses a visual model to
provide feedback information based on the cold joint prevention threshold of the mixture
to assist construction personnel in dynamically adjusting the pouring sequence. This not
only significantly reduces the probability of cold joints but also improves the mechanical
properties and durability of concrete, providing an innovative solution for quality control
of large-scale projects.
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