
Civil and Environmental Engineering 
Vol. 0, Issue 0, DOI: 10.2478/cee-2026-0067 

© Author(s) 2026. This work is distributed under the Creative Commons BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). 

Experimental Investigation of Wall Thickness Effect on Cold 
Joints in a Scaled Diaphragm Wall Model Using Fiber-Reinforced 
Self-Compacting Concrete 

Rana F. YOUSEF 1, *, Haitham H. MUTEB 1, Ahmed AL-JANABI 1 

1 Civil Engineering Department, University of Babylon, Babylon, Iraq. 

*  corresponding author: Eng.rana.falah@uobabylon.edu.iq 

Date of Submission: 21 October 2025 

Revision Date:   22 November 2025 

Date of Acceptance: 23 November 2025  
Civil and Environmental Engineering 

Journal of the Faculty of Civil Engineering | University of Žilina 

Abstract 
Concrete diaphragm walls are crucial structural components for permanent retaining systems and deep excavation 
support. The research examines how wall thickness and cold joints influence the deformation behavior of diaphragm 
walls. A small laboratory model with a rigidity that is comparable to the field model was used for this purpose. The scaled 
model was designed to preserve the relative stiffness of the field model; however, due to the slenderness of the 
specimens, conventional reinforcement could not be applied. Instead, polypropylene fibers were used as an effective 
alternative to enhance crack resistance and ensure structural integrity. Four-point bending tests were carried out under 
static loading conditions using a laboratory compression testing machine. The model sizes are (40, 60, 80, and 100 mm) 
in prismatic thickness and overall width and length (900 mm and 2600 mm), respectively. Additional tests on 60 mm walls 
with one and two cold joints, and on 100 mm walls with two cold joints, were compared against joint-free specimens to 
assess the influence of cold joints. The findings indicate that increasing wall thickness improves load-bearing capacity 
and reduces lateral deformation. For proposed specimens maximizing strength gains when aspect ratio (𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑑𝑒𝑝𝑡ℎ
)   

increase form 1

40
 𝑡𝑜 1

30
 and for increasing from   1

60
 𝑡𝑜 1

40
  deflection decreases sharply. Specimens with aspect ratio of  1

40
  one 

and two joints reduced ultimate load by about 3% and 15%, respectively, while at 1

24
 two joints caused a 10% reduction. 

Thinner walls proved more flexible and thus more sensitive to joint-induced weaknesses. 
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small-scale deep excavation, diaphragm walls, Lateral displacement, cold joints, stiffness of diaphragm walls  

1. Introduction 

Deep excavation is an essential phase in the development of underground space in urban areas and diaphragm 
walls, which are configured by separate wall panels and vertical joints between panels, are widely used to brace excavations 
owing to the high rigidity, good integrity, and impermeability of the walls themselves (Comodromos et al., 2013; Houhou et 
al., 2019; Spruit et al., 2014, 2017). Over the past 60 years, diaphragm walls have become essential in deep excavations and 
groundwater control. Advances like thixotropic slurry, steel walls (1992), and soil-cement steel walls improved stability, 
strength, and efficiency. seismic active earth pressure tends to rise significantly toward the bottom of the wall  (Mhawish & 
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Risan, 2024). Key success factors include proper joint sealing and panel overlap. Technologies such as hydro mills enabled 
deeper, more precise construction, while prefabricated systems offered speed but required larger excavations and higher 
costs. Continuous innovations are driven by practical experience and engineering progress. Lim et al. )2018) showed that 
thicker walls improve stiffness and reduce deformation, though gains diminish beyond certain limits. Similarly, Bleyhl )2018) 
emphasized optimizing thickness to balance efficiency and structural needs. Diaphragm walls are reinforced concrete 
barriers used as retaining and foundation walls in deep excavations. They provide stability against earth and water pressure, 
with fewer joints for better strength and water tightness. Capable of great depths and adaptable designs, they are especially 
suited for urban projects, making them a strong, versatile, and efficient solution in modern civil engineering (Liu et al., 2025; 
Wang et al., 2024). Panel joint modelling research underscores that ignoring real-world joint effects leads to underestimation 
of displacements and overestimation of bending moments. Cold joints between panels reduce stiffness and change 
deformation paths, especially in thicker diaphragm wall projects. Unlike conventional models that ignore joints, the 
proposed approach showed better agreement with field monitoring, excavation length, depth, and wall thickness influence 
the impact of joints, with greater effects in shorter and deeper excavations(Yang et al., 2024).  

Figure 1: Leakage occurred at the joints between panels (Yang et al., 2024) 

 Moreover, thicker walls impose greater bending moments, increasing the importance of joint detailing and 
continuity where cold joints occur. This interplay highlights the need for accurate modelling workflows that incorporate both 
thickness and joint location effects. 

Numerical modelling using the three‑parameter Kerr foundation model shows that diaphragm wall thickness 
significantly controls both horizontal displacement and surface settlement during excavation. As thickness increases from 
0.6 m to 1.4 m, horizontal displacement decreases by up to 28% and settlement outside the pit declines by 30% but raises 
bending moments. Designers must balance stiffness benefits against increased material costs and internal stresses (Li et 
al., 2024). Studies on rigid joints in diaphragm walls highlight the need for robust designs to mitigate degradation, stressing 
the negative impact of cold joints but overlooking their interaction with wall thickness a key focus of this research (Wang et 
al., 2024). Cold joints with as cast surfaces showed 31% higher shear capacity than those with plates (smooth surfaces) 
(Yousef et al., 2023). 

Self-compacting concrete (SCC) is a special mix that flows easily into formwork and around steel without the need 
for vibration. It was created to save time, reduce labour, and improve quality, especially in tight construction areas. SCC, 
made with cement, water, aggregates, and superplasticizers, provides excellent workability, fewer voids, and better 
resistance to segregation and bleeding. When polypropylene fibres are added, the concrete becomes stronger, more 
flexible, and more resistant to cracking, bending, and impact, since the fibres help hold small cracks together and slow their 
growth (de Alencar Monteiro et al., 2018; Deng et al., 2023). Fiber-reinforced concrete (FRC) helps control shrinkage cracks, 
improves durability against corrosion and freeze-thaw cycles, and is especially effective near cold joints. Polypropylene 
fibres in high-strength concrete (M30 & M40) increase strength and reduce shrinkage and moisture loss, but lower 
workability. The optimum fibre content is 0.5%. Higher fibre length and dosage further delay cracking but reduce flowability 
(Mohod, 2015; Pereira et al., 2023; Roesler, 2019).  
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Adding fibers makes concrete more isotropic and ductile. Fiber-reinforced concrete shows higher compressive, 
tensile, and flexural strength, along with lower water absorption than normal concrete. Absorption increases over time in 
both types but eventually levels off. Reddy & Reddy (2023) Increasing fiber content reduced workability and compressive 
strength. At 0.2% fiber, the mix failed SCC standards, with 20% lower strength and 23% higher porosity. However, higher 
fiber content improved thermal insulation by reducing thermal conductivity (Barka et al., 2024). The plastic behaviour of the 
concrete employed in the diaphragm wall plays a critical role in maintaining the overall structural consistency (Ouedraogo 
et al., 2025). 

This study introduces a novel experimental approach to examining the effect of diaphragm wall’s thickness and cold 
joints by using a scaled laboratory model. Because replicating a diaphragm wall with realistic soil   structure interaction is 
technically challenging, the wall was modelled and tested as a one-way slab to capture the essential structural response 
under lateral loading. This simplified but mechanically representative setup enables controlled investigation of parameters 
that are effect in real construction, providing new insight into their influence on diaphragm wall behaviour. 

 In the case of diaphragm wall construction, and because these walls are built in stages, the cold joint is parallel to 
the major moment 𝑀𝑥.  At first glance, it appears that the location of the joint has no effect on its construction behaviour, 
but due to the biaxial state of stress (Timoshenko Plate  Theory), it is expected that some stresses will exit in the transverse 
direction produced by the secondary moment (𝑀𝑦 = −𝜐𝑀𝑥). 

2. Experimental Program  

2.1. Specimen Design and Preparation  

The experimental program consists of casting and testing four specimens monolithic with (40,60,80,100) mm 
thickness, two specimens 60mm thick with one and two cold joints. Last specimen is 100 mm thick with two cold joints. 
Plywood molds measuring 2600 × 900 × 100 mm were fabricated for each batch of specimens and cast outside the 
laboratory. Before each use, the molds were oiled and placed on level ground. Reinforcement consisted of six longitudinal 
deformed bars (Ø6 mm) with stirrups placed at 150 mm spacing and 15 mm cover. Plastic spacers were used to maintain 
the required clearances. All specimens were cast using Self-Compacting Polypropylene Fiber-Reinforced Concrete 
(SCPPFRC). Figure 2 illustrates the reinforcement layout and specimen preparation. 

For specimens containing cold joints, 5 mm wooden separators were fixed inside the mold to divide the segments. 
After the first segment was cast and cured for seven days, the separator was removed to expose the joint surface. The 
subsequent segment was then cast following the same procedure: cleaning, oiling, placing reinforcement, and pouring fresh 
concrete against the hardened part. After 24 hours, the molds were removed, and the specimens were wrapped in wet 
burlap, which was moistened daily until 28 days of curing. Prior to testing, the specimens were cleaned and painted white to 
facilitate crack observation. All tests were conducted in the Structural Laboratory of the College of Engineering, University 
of Babylon. Figure 2 shows the layout and cross sections of these specimens; Table 1 lists the details of specimens. 

Table 1: details of specimens 

specimen 
Wall thickness 

Number of cold 
joints 

aspect ratio 

[mm] 
𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔

𝒅𝒆𝒑𝒕𝒉
 

T40-0 40 0 1
60⁄  

T60-0 60 0 1
40⁄  

T80-0 80 0 1
30⁄  

T100-0 100 0 1
24⁄  

T60-1 60 1 1
40⁄  

T60-2 60 2 1
40⁄  

T100-2 100 2 1
24⁄  
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(a) Specimens without cold joints 

 

 
 

(b) Specimens with one cold joint 

 

 

(c) Specimens with two cold joints 

 
Figure 2: Specimens details (unite in m) 

2.2. Materials  

All materials used to prepare specimen’s mixed were locally available. Ordinary Portland cement from (mass) 
factory conforming to Iraqi standard specifications (Iraqi Specification No.5, 2019). Al-Ekhaider sand was used as a fine 
aggregate (FA) in the substrate concrete mixes with a maximum size of particles 5 mm. Cursed and washed gravel from the 
Al-Nabai'i area with a maximum size of 10 mm was used and it conformed to Iraqi standard specifications (Iraqi specification 
requirements IQ.S 45, 2016). High execution short (12 mm), 910 [𝑘𝑔/𝑚3]  Density, 0.91Specific Gravity and white 
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polypropylene fiber was used in this investigation that is manufactured by the SIKA company and fibrillated in pre-dosed 
pulp bags see Figure3. Mixing water used for all the mixes was normal tap water from the domestic water supply. So, it was 
clear of residual and organic materials that could have impacted on the concrete properties. The mix consists of Fly Ash as 
a filler to enhance the flowability and durability, reduce the amount of cement and heat of hydration, and super plasticizer 
(SP) commercially known as Sika's ViscoCrete 180 (Sika’s ViscoCrete 180G, 2022) to increase segregation resistance and 
lower yield stress of concrete’s mix. Deformed mild steel with an average diameter of 6 mm was used for reinforcement of 
specimens in this work satisfies ASTM A615 requirements (A 615/A 615M - 15a, 2015). 

Figure 3: Polypropylene Fiber 

 

Table 2: Mix proportions of Self-Compact Polypropylene Fiber-Reinforced Concrete (SCPPFRC) 

Cement  
[𝐤𝐠/𝐦𝟑] 

Fly Ash 
[𝐤𝐠/𝐦𝟑] 

Sand 
[𝐤𝐠/𝐦𝟑] 

Gravel 
[𝐤𝐠/𝐦𝟑] 

Water 
[𝐤𝐠/𝐦𝟑] 

Admixture S.P. 
[𝐤𝐠/𝐦𝟑] 

Polypropylene Fiber P.P.F.  
[𝐤𝐠/𝐦𝟑] 

350 60𝑎 800 725 165𝑏 7𝑐 4.55𝑑 
a Fly Ash=17% of cement weight, b w/b =40%, c S.P./b=1.7%and d Polypropylene Fiber =0.5% of total volume 

Mix strength grade, MPa at 28 days 38.71 

2.3.  Mixing 

The concrete mixing for SSC was achieved using a titling in a 0.1 m³ horizontal rotary mixer machine. The procedure 
of SCC mixing was as follows: firstly, the fine and coarse aggregate, cement and Fly ash were mixed for two minutes then 
polypropylene fibres were added to the pan with mixing before adding half of the mixing water. Then Super plasticizer and 
remaining mixing water added to the constituents in the mixer. Mixing continued for two minutes to achieve uniform. 

2.4. Fresh Self - Compacting Concrete Tests 

To verify from being the concrete of the mixes is SCC, the four standard tests (Slump flow test, T50 cm slump flow 
test, V-funnel test, and L-box fresh test) of SCC were carried out on each batch, and the results were compared with the 
standard limitations mentioned in EFNARC (EFNARC, 2005). Table 3 shows the results of these tests. It can be noted that 
the results of these tests satisfy the requirements of EFNARC (EFNARC, 2005). Figure 4 shows the photographs of these 
tests. 

Figure 4: V-funnel, slump flow and L-box tests of fresh concrete 
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Table 3: Fresh properties result of SCC mix 

Mix 
Properties related to self-compact ability 

Slump flow [mm] T50cm flow time [Sec] V-funnel time [Sec] L-box (H2/H1) 
𝑆𝐶𝐶𝑎 680 4 8 0.98 

𝑆𝐶𝑃𝐹𝑅𝐶𝑏 615 6 21 0.76 
Typical range of values (EFNARC, 2005) 650-800 2-5 6-12 0.8-1.0 

a. SCC: Self - Compacting Concrete 
b. SC-PFRC: Self-compact Polypropylene Fiber-Reinforced Concrete 

 

2.5. Material Properties 

For each batch of SCC, cube of (100 × 100 × 100 mm), cylinders of (200×100 mm), prisms of (100 × 100 × 400 mm) 
were cast with the beams to determine the mechanical properties of SCC. These specimens were cured under the same 
conditions as the corresponding structural members. Prior to loading the structural members, cube compressive strength 
(BS EN 12390-3, 2009). Cylinders Splitting tensile strength ASTM C496 (ASTM Standard C496, 2011) and flexural strength 
test prismatic body strength of the concrete were measured (ASTM C78/C78M-22, 2010), and the average values of twelve 
specimens were taken. The modulus of elasticity was determined according to (ASTM C469, 2011) the test was conducted 
using two cylindrical specimens measuring 150 × 300 mm.  Mechanical properties of concrete shown in see Figure 5 and 
Table 4. The mechanical performance of three specimens of steel reinforcements was tested according to (A 615/A 615M - 
15a, 2015). The properties of the reinforcing bars are presented in Table 5.  

Figure 5: Shows the testing process of the concrete material parameters. 

Table 4: Mechanical properties of concrete 

Compressive Strength [MPa] Splitting tensile strength [MPa] Flexural strength [MPa] Elastic Modulus [GPa] 

38.71 4.86 4.62 33 

 Table 5: Mechanical properties of steel reinforcements 

Nominal diameter [mm] Actual Diameter [mm] Yield Stress [MPa] Ultimate Stress [MPa] Elastic Modulus [GPa] 
6 5.9 430 560 200 
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3. Test Setup and Measurement System 

The experimental setup was designed to evaluate the flexural behavior of diaphragm wall specimens under varying 
conditions. All specimens were prepared with standardized dimensions and reinforcement details, enabling direct 
comparison of many thicknesses and the presence of cold joints. A four-point bending arrangement was adopted, using a 
centrally positioned hydraulic jack to apply the load, which was evenly distributed across the specimen through steel loading 
plates. 

Deflections were continuously monitored with Linear Variable Differential Transformers (LVDTs), providing accurate 
measurements as the load was applied incrementally. Before commencing the formal loading, a trial load was applied to 
eliminate gaps between components and verify system integrity. The loading procedure followed established protocols, 
beginning in force control mode and transitioning to displacement control as the specimens approached their ultimate 
capacity. To test a simply supported one-way slab (2400 mm × 900 mm), the specimen was placed on a hydraulic testing 
machine with a 2400 mm clear span and 100 mm overhangs. Two-line loads were applied 800 mm apart at mid-span using 
a hydraulic system, simulating soil pressure on retaining walls. Steel plates (20 mm thick, 100 mm wide) and rubber pads 
(10 × 100 mm) were used at load and support points to distribute forces evenly and reduce stress concentrations. Unlike 
rigid loads, soil pressure remains perpendicular to the wall's surface during deformation, requiring accurate simulation of 
its direction-dependent behavior. Rigid loading elements limit realistic deflection patterns and stress distribution. Therefore, 
rotatable loading segments were used to better mimic soil pressure, capturing complex bending and moment effects. 

A specially designed support system with three semicircular steel bearings (σy ≥ 400 MPa) was implemented, one 
fixed central bearing and two side bearings allowing transverse rotation. This setup replicates the nonlinear flexural behavior 
of retaining walls under lateral earth pressure by converting vertical loads into realistic bidirectional bending moments. Al l 
specimens were tested to failure using a calibrated electro-hydraulic testing machine (capacity: 2500 kN) at the Structural 
Laboratory, University of Babylon. The loading system included a rigid steel base anchored to a concrete foundation, with a 
central hydraulic jack and piston. A rigid steel portal frame comprising two vertical columns and a top lateral beam 
supported the setup. An adjustable-height box girder acted as a stopper for upward movement. 

Loading was applied in load control mode at a constant rate of 0.5 kN/sec. Each specimen underwent a two-line 
loading test, with loads applied at one-third span points. Test setup and instrumentation details are shown in Figures 7. 
During the experiment, it was necessary to record the specimens’ characteristic loads, spec ifically cracking, yielding, and 
ultimate load.  

 
Figure 6: Schematic diagram of the specimen monitoring system (unit: m) 
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Figure 7: Experimental Loading Setup System 

4. Results and Discussion 

Diaphragm walls have been extensively evaluated for thicknesses of (40, 60, 80, and 100) mm, each offering distinct 
structural characteristics impacting performance underload as shown at Figure 8. A 40 mm wall bends more because it’s 
less stiff, so it fits light-duty cases. A 60 mm wall balances strength and flexibility, good for tight urban sites. 

 
Figure 8: Load- midspan deflection curves of specimens with different thicknesses 

            At specimen with 80 mm, performance improves with higher stiffness and lower deflection, making it fit for 
deeper digs. The 100 mm wall gives maximum strength and minimal deformation, ideal for tough soil and high safety needs. 
Overall, evaluating these thick variations highlights best practices for diaphragm wall construction, providing insights into 
their appropriateness for various engineering applications based on specific performance requirements (Yang et al., 2024; 
Zhang et al., 2021).  Yield deflection is the deflection at which the material begins to yield (plastic deformation begins). 
Thicker walls slightly reduce yield deflection, likely due to increased stiffness, but the effect is less pronounced compared 
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to max deflection. To determine the yield load and yield displacement from load–deflection curve, usually follow Tangent 
Intersection Method by Extend the initial elastic slope line until it intersects with a line drawn through the plastic portion of 
the curve; the intersection is the yield point. 

Table 6: Characteristic loads, midspan deflections of specimens with different thickness 

specimen 
Stiffness Ratio 𝑷𝒚𝒊𝒆𝒍𝒅 𝜹𝒚𝒊𝒆𝒍𝒅 𝑷𝒖𝒍𝒕𝒊𝒎𝒂𝒕𝒆 𝜹𝒖𝒍𝒕𝒊𝒎𝒂𝒕𝒆  𝑷𝒄𝒓 

𝑬𝑰
𝜸𝒘∗𝒉𝟒⁄  [kN] [mm] [kN] [mm] [kN] 

T40-0 434 1.70 5. 60 2 49.25 1.72 

T60-0 1465(↑238%)* 3.80(↑124%)* 5.40 (↓4%)* 6.07(↑204%)* 43.55(↓12%)* 3.86(↑124%)* 

T80-0 3472(↑700%)* 5.40(↑218%)* 2.80 (↓50%)* 7.8(↑290%)* 22.80(↓54%)* 5.50(↑220%)* 

T100-0 6782(↑1463%)* 8.20(↑382%)* 2.38(↓58%)* 9.40(↑370%)* 13.85(↓72%)* 8.28(↑381%)* 

               Note: 𝑃𝑦𝑖𝑒𝑙𝑑, 𝛿𝑦𝑖𝑒𝑙𝑑is the yield load and yield midspan deflections;  𝑃𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒, 𝛿𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒is the ultimate load and ultimate midspan deflections;  
                𝑃𝑐𝑟  is the cracking load noted from experimental testing. 
               * Compared with specimens with 40mm thickness.  
 

Figure 9 shows that increasing wall thickness reduces both maximum and yield deflection, but the effect is much 
stronger on maximum deflection. From 40 to 80 mm, deflection drops sharply, especially between 60–80 mm, indicating a 
threshold where stiffness improves rapidly. Beyond 80 mm, further gains are small, making extra thickness less efficient. 
Yield deflection decreases only slightly with thickness, staying under 60 mm throughout. Overall, the results highlight 60–80 
mm as the most effective range for performance improvement without unnecessary material use. 

From 80 mm to 100 mm, the rate of improvement slows down. Beyond a certain point, adding more material 
provides less gain in deflection reduction, possibly making it economically inefficient. This data helps identify an optimal 
wall thickness where deflection performance improves significantly without unnecessary material use. 

  

 Figure 9: Relations of Load and Midspan deflection with different thicknesses of specimens 
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The results presented in Figure 8 show that the percentage increase in both yield load and ultimate load generally 

improves with increasing specimen thickness. A sharp improvement is observed as the thickness increases from 40 mm to 
60 mm, which can be attributed to enhanced stiffness, better stress distribution, and higher resistance to cracking. Beyond 
60 mm, the rate of improvement becomes less pronounced, and the curves begin to plateau, particularly for the ultimate 
load at around 70–80 mm, suggesting diminishing returns in strength enhancement with additional thickness. This behavior 
may be explained by reduced material efficiency at larger dimensions and the onset of other failure mechanisms such as 
shear or local crushing, which limit further gains in load capacity. Overall, the findings highlight that increasing thickness is 
most effective in the range of 40–60 mm, while beyond 80 mm the structural benefit is marginal. For efficient deflection 
control, the critical range lies between 60 mm and 80 mm thickness. Beyond that, alternative design strategies may be more 
cost-effective than further thickening. 

5. Different Walls Cold Joints Evaluated 

Cold joints form when there is a delay between consecutive concrete pours, creating a discontinuity and a weaker 
bond between layers. In diaphragm walls, such joints can adversely affect structural performance, particularly in terms of 
water tightness and shear capacity. Specimens containing cold joints exhibit reduced stiffness and bond deterioration, 
which in turn lower both yield and ultimate loads. The specimens with thicknesses of 60 mm and 100 mm were selected to 
study the behaviour of cold joints because they represent two distinct stages of structural response, 60 mm thickness 
represents the transition point where stiffness gains start to diminish, while 100 mm represents a highly stiff section where 
other factors govern behaviour. Comparing them highlights differences between the transition stage and the high-stiffness 
stage. 

Figure 10: Load- midspan deflection curves of specimens with cold joints 

The integrity of walls decreases as cold joints increase, see Figure 10.  Creating weak planes and leakage risks. Thin 
walls (60 mm) are highly susceptible, while thicker walls (100 mm) show better but still limited resistance. Most of the wall  
movement happens at the joints, not within the panels themselves, which explains why cracks and leaks usually appear 
along these connections during excavation. To reduce this risk, continuous concrete pouring is best. If joints can’t be 
avoided, they must be properly prepared and treated, with strict quality control and good planning to ensure the wall remains 
durable and structurally sound. Yousef et al. (2022) showed mechanical connectors, especially hooked reinforcing bars in 
UHPFC shear pockets have proven to be the most effective in enhancing the performance of cold joints in diaphragm walls, 
their practical application remains difficult due to construction complexity and site limitations. Grooved surfaces combined 
with UHPFC provide the strongest and most reliable bond with NC substrates, making this method effective for overlay 
applications and cold joint connection (Al-Rubaye et al., 2020). 
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Table 7: Characteristic loads, midspan deflections of specimens with cold joints 

specimen 

Stiffness 
Ratio 

𝑷𝒚𝒊𝒆𝒍𝒅 𝜹𝒚𝒊𝒆𝒍𝒅 𝑷𝒖𝒍𝒕𝒊𝒎𝒂𝒕𝒆 𝜹𝒖𝒍𝒕𝒊𝒎𝒂𝒕𝒆 𝑷𝒄𝒓 

𝑬𝑰
𝜸𝒘∗𝒉𝟒⁄  [kN] [mm] [kN] [mm] [kN] 

T60-1 1465 3.1(↓18%)* 5.0(↓7%)* 5.9(↓3%) * 48.00(↑10%)* 3.32(↓14%)* 

T60-2 1465 2.65 (↓30%)* 4.9 (↓9%)* 5.14) ↓15%)* 52.92 (↑22%)* 2.78(↓28%)* 

T100-2 6782 7.4 (↓10%)* 3.0 (↑26%)* 8.46(↓10%)* 16.62(↑20%) * 7.46(↓10%)* 

Note: 𝑃𝑦𝑖𝑒𝑙𝑑, 𝛿𝑦𝑖𝑒𝑙𝑑is the yield load and yield midspan deflections;  𝑃𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒, 𝛿𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 is the ultimate load and ultimate midspan deflections; 𝑃𝑐𝑟  is the cracking 

load, * Compared with specimen have same thickness but without cold joint.  

 
Figure 11: Effect Number of cold joints on load of specimens 

 
Figure 12: Effect Number of cold joints on midspan deflection of specimens 

 
Figure 13: Effect Number of cold joints on variation of load and midspan deflection of specimens 
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The results in Figure 11 show that increasing the number of joints leads to a reduction in both yield and ultimate 
loads, accompanied by an increase in  ultimate deflections, see Figure 12. Conversely, the thinner 60 mm walls are more 
flexible and therefore more sensitive to joint-induced weaknesses. Although both thicknesses showed a similar rate of 
reduction in ultimate load with additional joints (around 0.47 per joint), the 100 mm thick consistently sustained higher loads 
and experienced smaller deflection increases. 

This effect is more pronounced in the 60 mm slabs, which exhibited greater losses in load capacity and larger growth 
in deflections compared to the 100 mm slabs. Overall, the findings highlight that while joints negatively impact structural 
performance, greater slab thickness improves load-bearing capacity and reduces sensitivity to jointing effects. 

From Figure 12, it can be observed that deflection increases more rapidly with the number of joints for specimens 
with 60mm thickness with a larger slope (4.685). In contrast, specimens with a thickness of 100 mm show a smaller slope 
(1.385), suggesting that deflection develops more gradually as the number of joints increases. This behaviour can be 
attributed to the greater stiffness, strength, and stress redistribution capacity of the thicker walls which effectively limit 
deformation.  

Figure 13 showing the deformation ratio indicates a reduction at the yielding stage in 60 mm specimens with one or 
two cold joints. However, performance comparisons in this study are based on ultimate deflection, as yielding is affected by 
early micro-cracking and local stiffness variations from the cold joints. Ultimate deflection better represents the overall 
structural behaviour, energy absorption, and post-yield capacity, providing a more reliable basis for comparison. 

Yang et al. (2024) compares the maximum calculated displacements obtained by Proposed and Conventional 
approaches in PLAXIS, his results indicate that cold joints have a greater effect on thicker diaphragm walls, contrary to 
laboratory findings in this study. This discrepancy arises can be due to the numerical model without joints predicting 
unrealistically small deflections, making the difference between the two approaches appear larger for thicker walls. 
Alternatively, the discrepancy may be attributed to the joint-linking method in the PLAXIS program or to the segment length-
to-thickness ratio adopted in the models. 

Superczyńska et al. (2016) studied Numerical Analysis of Diaphragm Wall Model Executed in Poznań Clay Formation 
Applying Selected FEM Codes presented numerical analyses of a diaphragm wall model in the Poznań clay formation using 
two FEM codes, Plaxis and Abaqus. The constitutive clay models adopted in both platforms were evaluated against field 
measurements. The closest agreement with the observed horizontal displacement of 15.0 mm was achieved using the 
Abaqus Coulomb-Mohr model but Plaxis gave higher displacement. These findings underscore the necessity of exercising 
caution in geotechnical FEM applications, as the accuracy of results is strongly influenced by the chosen constitutive model, 
numerical integration algorithms, finite element types, and Gauss point configurations. 

Failure Mode of Thinner walls (40-60 mm) exhibited distributed cracking patterns with gradual stiffness degradation, 
while thicker specimens (80-100 mm) failed through sudden crushing after limited plastic deformation, see Figure 14. The 
60 mm specimens with cold joints showed unique hybrid failure modes initial joint separations at 70% of ultimate load, 
followed by distributed cracking until final collapse. This two-phase failure process explains their enhanced ductility, as joint 
openings accommodated additional deformation without immediate structural collapse (Qiu et al., 2023). 
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Figure 14: Failure Mode 

6. Influence Dimensions of Segments on Maximum Diaphragm Wall Deformation    

The wall depth of excavation -to-thickness ratio (H/T) and segment length-to-thickness ratio (L/T) significantly 
influence stability and construction efficiency. Figure 15 shows specimens with low L/T values (<5) show greater stiffness 
and better joint deformation control, supporting Kisan et al. (1996)(Kisan et al., 1996), who noted that shorter panels are 
stabler, especially in soft ground. In contrast, the specimens reported in Ming Yang’s (2024)(Yang et al., 2024) study exhibit 
higher L/T ratios, which can increase the flexibility of the wall segments and cause excessive lateral deflections in thicker 
specimens influenced by joints.  

 
Figure 15: Relationship between length of the segments (L) to its thickness (T) and depth of excavation (H) relative to thickness (T) 

In this study, experimental results demonstrated that specimens with ratio of panel’s length to wall thickness is less 
than 5 and ratio of excavation depth to wall thickness is less than 25 exhibited 23-35% greater stiffness and superior joint 
deformation control compared to those with higher ratios. The structural response of the wall appears to be largely 
unaffected by the discontinuities introduced by cold joints. This observation is consistent with design recommendations 
indicating that walls with relatively low slenderness are less sensitive to construction imperfections or localized 
weaknesses.   
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Comparable findings have been reported in studies on diaphragm wall performance, such as those discussed by 
Gaba (Gaba et al., 2003), which emphasize the importance of wall thickness and geometric proportions in maintaining 
stability and limiting deflection. The ratio between segment length and thickness significantly impacts diaphragm wall load 
distribution. A high ratio causes slenderness, reducing stiffness and concentrating stresses at joints, leading to uneven load 
distribution. Lowering the ratio by increasing thickness or reducing length improves stiffness and ensures more uniform load 
transfer. Maintaining a moderate length-to-thickness ratio (less than 15:1) helps prevent stress concentrations and achieves 
balanced load distribution.  

From Figure 16 a numerical fit of the data is Equation 1 that indicates maximum lateral displacement from length to 
thickness of segments. 

𝛿ℎ𝑚𝑎𝑥 = 0.8852
𝐿

𝑇
+  26.021    (1) 

Where:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
L - length of 
segments,                                                                                                                                                                                                                                                                                                        
T – thickness of segments. 

The segment’s length-to-thickness ratio affects stress distribution, wall deformation, and soil pressure. A small 
ratio leads to uniform stress and smaller deformations, while a larger ratio increases localized pressure and lateral 
movement. However, its overall impact on maximum displacement is moderate, so it should be treated as a secondary 
factor compared to key design parameters like support stiffness, wall depth, and soil conditions. which aligns with similar 
conclusions in previous research(Yan et al., 2025). 

 
Figure 16: Relationship of segment length-to-thickness ratio and the maximum lateral displacement 𝛿ℎ𝑚𝑎𝑥  of the diaphragm wall 

7. Wall system stiffness 

Supporting system stiffness affects excavation performance (Addenbrooke, 1994; Potts, D. M., and Day, 1990).  
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Where:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
S - wall system stiffness,                                                                                                                                                                                                             
E - Young's modulus assumes 30 GPa for concrete,                                                                                                                                                                                                                   
I - moment inertia of the wall,                                                                                                                                                                                                         
h - vertical spaces of struts,                                                                                                                                                                                                                                     
𝛾𝑤 - vertical spaces of struts.                                                                                                                                                                                                                                      

  The equation represents a relative stiffness parameter of the wall (sometimes called Wall Stiffness Factor or 
Stiffness Ratio). It is a dimensionless parameter used to evaluate the  stiffness of a wall relative to soil or water pressures. 

Figure 17 describes the data of maximum wall deflection to excavation depth (𝛿ℎ𝑚𝑎𝑥
𝐻𝑒

⁄ )and the wall system stiffness 

against the factor of safety (FOS) against basal heave as defined by Mana, A. I. (1981). 

Moormann's results Moormann (2004) agreed that maximum wall deflection normalized reduces just slightly with 
the increase of wall system stiffness and in a dispersed distribution. This indicates that a wall that is more adaptable (and 
hence more cost-effective) may be adequate in several situations. The global design approach for cantilever walls should be 
used carefully. A deficit of adequate bracing or support during excavation can lead to larger deformations in the clay, 
mirroring the behavior of softer soils under similar conditions. This analysis requires valuable insights into how different 
cities do excavation-induced lateral wall movements. It focuses on the importance of studying local conditions and design 
observations in predicting and adjusting these movements. The use of system stiffness as a predictor of movement appears 
to be a useful tool across various geological and urban contexts. 

 

Figure 17: Relationship of Maximum Wall Deflection and Wall’s System Stiffness (Mana & Clough, 1981) 

The analysis demonstrates that the presence of cold joints significantly increases the lateral deflection of the wall, 
thereby reducing the factor of safety, even though the nominal structural stiffness of the system remains constant. This 
reduction in performance is particularly critical for thinner walls, where the relative influence of cold joints is more 
pronounced, rendering them more vulnerable to instability and serviceability concerns compared to thicker sections. 

8. Ductility Index Results 

             Ductility is used to evaluate the ductility of reinforced concrete structures with expressions of deflection, 
curvature, or rotational ductility, and it is defined as the ability of a structural element to undergo inelastic deformations 
without significant loss in resistance (John Newman, 2003). The ductility has been calculated using displacement method 
for the reinforced concrete specimens, the ductility is expressed in terms of ductility index. The ductility index, μΔ was used 
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to quantify the ductility performance of the specimens, it is the ratio of the mid-span deflection at ultimate or failure (Δu) to 
that deflection at the yielding point (Δy) that calculated from Tangent Intersection Method (Park & Paulay, 1991).The ductility 
indices for all tested specimens are given in Table 4. 

Table 8: Ductility index of tested specimens 

specimen 
𝜹𝒚𝒊𝒆𝒍𝒅 𝜹𝒖𝒍𝒕𝒊𝒎𝒂𝒕𝒆 Ductility 

[mm] [mm] 𝝁 =
𝜹𝒎𝒂𝒙

𝜹𝒚𝒊𝒆𝒍𝒅

 

T40-0 5. 60 49.25 8.80 
T60-0 5.40  43.55 8.10 
T80-0 2.80  22.80 8.00 

T100-0 2.38 13.85 5.82 
T60-1 5.00 48.00 9.00 
T60-2 4.90  52.92  10.80 

T100-2 3.00  16.62 5.50 

Thinner walls (40–60 mm) exhibit higher ductility, meaning they can undergo larger deformations before failure, see 
Figure 18. In contrast, thicker walls (around 100 mm) are stiffer but less ductile, indicating a trade-off between stiffness and 
ductility and failures due to sudden crushing or brittle fractures after reaching a high yield stress. 

 
Figure 18: Ductility of specimens with different thicknesses 

 

Contrary to expectations, cold joints improved ductility in 60 mm specimens, with two-joint configurations (T60-2) 
achieving a 33% higher ductility index (10.8) than joint-free walls (8.1), see Figure 19. This phenomenon stems from joint-
induced stress redistribution, which delays localized failure and enables more uniform deformation across the specimen 
length. However, this benefit came at the cost of 15% reduced ultimate load capacity, highlighting a tradeoff between 
deformation capacity and strength. Thicker 100 mm walls showed no such ductility improvement, with cold joints reducing 
both load capacity (10%) and ductility (5%), indicating that joint effects become predominantly detrimental in stiffer 
sections. 
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Figure 19: Ductility of specimens with number of cold joints 

 

The farthest-point method can also be employed to determine the yielding load (Feng et al., 2017). As shown in 
Figure 20, a straight line is drawn from the origin of the midspan load–displacement curve to its peak. The yielding point is 
defined as the location on the curve that lies farthest at a perpendicular distance, from this line. For the processing of yield 
force and yield displacement, the simplified method for determining the yield point proposed by Peng Feng is applied (Feng 
et al., 2015).   

 
Figure 20: Definition of yielding load (Feng et al., 2017) 

 

max 𝑑 =
|𝑃𝑢 ∗ 𝑤𝑦 − 𝑤𝑢 ∗ 𝑃𝑦|

√𝑃𝑢
2 + 𝑤𝑢

2
 

 
(3) 

 
Where: 
𝑃𝑦- yielding point,  
𝐹𝑦 - yielding load    0 < 𝐹𝑦 < 𝐹𝑢, 
𝑤𝑦- yielding deflection   0 < 𝑤𝑦 < 𝑤𝑝, 
𝑃𝑢  - peak point, 
𝐹𝑢 - peak load, 
𝑤𝑢  - deflection at peak load, 
𝑑𝑚𝑎𝑥  - maximum distance from the line. 
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Figure 21show maximum distance from the line (𝑑𝑚𝑎𝑥), for more than one point met the criterion the yielding point 
was taken as the average of those points. The yielding load determined using the Farthest Point Method shows excellent 
agreement with that obtained from the Tangent Intersection Method, thereby demonstrating that both methods provide a 
reliable and efficient means for evaluating the yielding load. 

  
Figure 21: Relation the load with distance from the line 

Table 9: Definition of yielding load by Farthest Point Method 

specimen 
Wall thickness Number of cold 

joints 𝒅𝒎𝒂𝒙 𝑷𝒚𝒊𝒆𝒍𝒅 𝜹𝒚𝒊𝒆𝒍𝒅 

𝑷𝒚𝒊𝒆𝒍𝒅 

by Tangent 
Intersection 

Method 
[mm] ------ [mm] [kN] [mm] [kN] 

T40-0 40 0 1.48 1.70 5.25 1.70 
T60-0 60 0 3.03 3.78 5.22 3.80 
T80-0 80 0 4.23 5.41 2.75 5.40 

T100-0 100 0 5.44 8.03 2.30 8.20 
T60-1 60 1 2.65 3.22 4.75 3.10 
T60-2 60 2 2.22 2.72 5.04 2.65  

T100-2 100 2 5.27 7.38 2.88 7.40 

 

9. Conclusions 

o The study shows that thickness of a Scaled Diaphragm Wall Model Using Fiber-Reinforced Self-Compacting Concrete 
has a major impact on load-bearing capacity and flexural performance. Tests reveal that increasing thickness from 40 
mm to 100 mm (raises stiffness and moment capacity) significantly improves strength and reduces deflection, with the 
most effective range being 60mm to 80mm. Beyond this range, the wall becomes so stiff that material limitations control 
its behavior (not thickness), additional thickness only increases weight with very little structural benefit, indicating an 
optimal threshold for efficient design.  

o Cold joints were found to degrade thinner walls, reducing ultimate load capacity by up to 15% in ultimate load capacity 
for 60 mm walls with two joints may seem modest, the accompanying 28% increase in deflection could have significant 
consequences for serviceability, particularly in water retaining structures where joint leakage is a critical concern. That 
is because their reduced cross-section makes them more sensitive to discontinuities in bonding and stiffness. While 
thicker walls can better redistribute stresses around cold joints, making them more resilient. These findings challenge 
conventional assumptions about linear performance gains with increasing thickness and highlight the importance of 
strategic joint management in staged construction. 
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o Specimens with L/T < 5 and H/T < 25 showed 23–35% higher stiffness and superior joint deformation control, confirming 
that walls with low slenderness are less sensitive to cold joints and construction imperfections. High L/T ratios, however, 
increase wall flexibility, stress concentrations, and lateral deflection. 

o Experimental results indicate that while the segment’s length-to-width ratio influences stress distribution and wall 
deformation that larger ratios increase localized pressures and lateral movement, its effect on maximum lateral 
displacement is moderate compared to other parameters such as support stiffness, wall depth, and soil conditions. 

o larger ratios increasing localized pressures and lateral movement. However, its effect on maximum displacement is 
moderate, making it a secondary consideration relative to primary design factors such as support stiffness, wall depth, 
and soil conditions.  

o The analysis shows a trade-off between stiffness and ductility in diaphragm walls: thinner walls (40–60 mm) offer higher 
ductility and can sustain larger deformations before failure, while thicker walls (100 mm) are stiffer but less ductile, 
making them more prone to sudden crushing or brittle fractures once high yield stress is reached. 

o Cold joints unexpectedly enhanced ductility in 60 mm specimens, with two-joint walls achieving a 33% higher ductility 
index than joint-free walls, due to stress redistribution delaying localized failure. This improvement, however, reduced 
ultimate load capacity by 15%, showing a tradeoff between strength and deformation capacity. In contrast, 100 mm 
thick walls showed no ductility benefit, as cold joints instead reduced both load capacity (10%) and ductility (5%), 
suggesting that in stiffer sections, joint effects are mainly detrimental. 

o The observed ductility improvements from cold joints in 60 mm specimens can be  due to create transitional interface 
zones that allow limited slip and strain redistribution before failure. This mechanism reduces the initial stiffness but 
enhances the element’s ability to absorb energy and undergo larger deformations prior to collapse, resulting in an overall 
improvement in ductility. That highlight the need for further study on whether controlled joint introduction can be applied 
as a seismic design strategy.  

o The study’s findings should be interpreted with caution due to several limitations. Scaled laboratory models differ from 
full-scale field behavior, especially in soil-structure interaction and boundary conditions. The use of polypropylene 
fibers instead of conventional reinforcement may reduce applicability to typical diaphragm walls. In addition, only static 
loading was examined, while real-world walls are often subjected to dynamic forces such as seismic activity and nearby 
construction. Therefore, field validation through case studies and monitoring of actual projects is essential to confirm 
the experimental results. 
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