INGENIERIA E INVESTIGACION VOL. 45 No.2, August (el16327)
DOI: https://doi.org/10.15446/ing.investig. | 16327

Research Article/ Civil and Sanitary Engineering

Empirical Models for the Shear Capacity and Stiffness of X-
Shaped Screw Connections in Timber-Concrete Composite
Structures

Modelos empiricos de resistencia al cortante y rigidez para conexiones de
tornillos en X en estructuras compuestas de madera-concreto

Mohd Amirul Mohd Snin?, Anis Hanim Ghazali?, and Deng Haolin3

ABSTRACT

In the literature, experimental data on X-shaped screw connections have been analyzed in order to develop an empirical model for
their shear force capacity and stiffness, which are important parameters in designing timber-concrete composite structures. Although
considerable research has been conducted worldwide fo understand the composite action of timber and concrete, there is no ge-
neric model for determining the shear force capacity and stiffness of screw connections; most of the existing models are based on
theoretical derivations. In this paper, empirical models are derived to determine the shear capacity of screw connections installed in
X-shaped arrangements, considering the embedment and withdrawal strength of the screws within the fimber and concrete. Moreo-
ver, a stiffness model based on global flexibility, as influenced by the material properties of timber, concrete, and screws, is elaborated.
The model is validated using existing push-pull data and variations in material properties. A comparison with a well-known model
demonstrates the suitability of our proposal. This model can be used to predict the shear force capacity and stiffness of X-shaped
screw connections in fimber-concrete composite structures.

Keywords: timber-concrete composite structures, timber structures, timber connections
RESUMEN

En la literatura se han analizado datos experimentales sobre las uniones con tornillos en X, a fin de desarrollar un modelo empirico de
su resistencia al cortante y rigidez, pardmetros importantes en el disefio de estructuras compuestas de madera-concreto. Aungue se
ha llevado a cabo una cantidad considerable de investigaciones a nivel mundial para comprender la accidén compuesta de la
madera y el concreto, no existe un modelo genérico para determinar la resistencia al cortante y la rigidez de las uniones con tornillos;
la mayoria de los modelos existentes se basan en derivaciones tedricas. En este trabajo se derivan modelos empiricos para determinar
la resistencia al cortante de las uniones con tornillos en X, considerando la resistencia al empotramiento y al arranque de los tornillos
en la madera y el concreto. Ademds, se elabora un modelo de rigidez basado en la flexibilidad global, influenciada por las propie-
dades de los materiales de la madera, el concreto y los tornillos. El modelo se valida utilizando datos experimentales de ensayos push-
pull y variaciones en las propiedades de los materiales. Una comparacién con un modelo reconocido demuestra la idoneidad de
nuestra propuesta. Este modelo puede emplearse para predecir la resistencia al cortante y la rigidez de las uniones con tornillos en X
en estructuras compuestas de madera-concreto.

Palabras clave: estructuras compuestas de madera y concreto, estructuras de madera, conexiones de madera
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[3]- This composite system generally outperforms timber-only sys-

Introduction tems in flooring applications [4], [5]. Shear connections are crucial
The timber-concrete composite (TCC) system, introduced in for providing ductility, with their design parameters (strength, stiff-
Germany around 100 years ago, has gained significant traction in ness, deflection, and configuration) being critical to the overall per-
flooring applications over the past 20-30 years [I]. TCC struc- formance of TCC systems [I], [6], [7], [8]. Research indicates that
tures, which are one-way spanning elements subject to uniaxial the material properties of timber, concrete, and fasteners signifi-
bending, combine timber beams with concrete slabs to leverage cantly affect shear capacity and stiffness [9], [10]. Inclined fasteners
timber's tensile strength and concrete's compressive strength [2], enhance stiffness and strength more effectively than vertical ones,
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with screws being favored for their high load-bearing capacity and
ease of installation [11], [12].

In particular, the use of X-shaped screw arrangements —meaning
that two screws are installed at opposing angles to form a cross
or X through the interface— has been shown to significantly en-
hance the mechanical performance of composite joints. This con-
figuration improves the connection's ability to resist shear forces
and increases the overall joint stiffness by enabling a more efficient
transfer of loads between the connected materials. The experi-
mental and theoretical research conducted by [I3] in timber-to-
timber composite systems confirmed that X-shaped screw ar-
rangements outperform their parallel or perpendicular counter-
parts in terms of both load-bearing capacity and stiffness. Specifi-
cally, inclined screws positioned in this X-shaped arrangement cre-
ate a self-reinforcing action that restrains slip and distributes
forces more uniformly along the interface.

The benefits observed in timber-to-timber composites imply that
similar advantages could be attained in TCC systems, where effi-
cient shear transfer and stiffness are also critical. Although TCC
systems involve different material interactions (between timber
and concrete), the underlying principle of improved mechanical in-
terlock and force transfer remains relevant. Therefore, adopting
X-shaped screw arrangements in TCC applications could poten-
tially enhance the overall structural performance, especially re-
garding shear capacity, stiffness, and ductility at the timber-con-
crete interface [14], [15]. This promising potential motivates fur-
ther investigation into the application of X-shaped screw configu-
rations in TCC structures [13], [16]. In [17], the authors delved
into the shear performance of inclined X-shaped screw arrange-
ments in nail-laminated timber-to-concrete composite floors.
They found that the shear capacity and stiffness increased signifi-
cantly compared to the parallel-in-compression arrangement.
Moreover, [18] compared the shear performance of glued steel
plate connections in TCC and X-shaped arrangements, concluding
that the latter provide higher ductility and stiffness.

Eurocode 5 [19] provides guidelines for vertical fasteners but lacks
comprehensive analytical equations for predicting the shear capac-
ity and stiffness of TCC connections with inclined screws. This
research analyzes the effects of screw inclination on shear capacity
and stiffness using a dataset from published studies, in addition to
developing a predictive model for inclined screws in X-shaped ar-
rangements.

Methodology
Empirical method used

This paper outlines the use of empirical methods to predict the
shear capacity and stiffness of TCC structures. This analysis lever-
ages a database of shear test results from previous studies on TCC
specimens, focusing on crucial parameters for designing timber-
concrete connections, including the size, formation, type, and me-
chanical properties of the fasteners. Moreover, multiple linear re-
gression (MLR) is employed to predict shear capacity and stiffness.
The key factors considered include the distance between the hinge
and the timber-concrete interface, which affects screw embed-
ment strength, and properties such as concrete/timber strength
(os/os), fastener length (Lc), diameter (D), screw strength (oy), and
the inclination angle of the screw (6). Notably, larger fastener di-
ameters and longer fasteners have been shown to enhance shear
capacity [20], [21], [22], and the concrete slab type significantly
impacts this parameter [23]. In summary, this study collects and

analyzes shear test data using MLR to develop predictive models
for the shear capacity and stiffness of screw connections.

Fundamentals of the longitudinal shear capacity of fasteners

The shear capacity (Pmax) of screw connections is influenced by the
axial loading (Ps) on the screw (also known as the withdrawal
strength), and the force applied due to embedment strength P, as
shown in Eq. (I). Eurocode 5 [19] provides methods to estimate
both Pqs and Py for screws in timber. However, similar guidelines
for timber-concrete connections are lacking.

Bnax = FPa + Pp (€]
Withdrawal strength of screws in TCC structure specimens

Each screw is partially embedded into both the concrete and the
timber. Under an applied force, the screws tend to withdraw ei-
ther from the concrete or the timber. The withdrawal strengths
of timber (Paw) and concrete (Pq) are considered in calculating
the shear capacity of the connection, as per Eurocode 5 [19]. [24]
highlighted the significant contribution of axial loading to the shear
capacity. Their research found that the axial load on specimens
with a 45° inclination angle was higher compared to those at 60°
and 75°. They also noted that this parameter is influenced by the
screw's inclination angle. In their study, the inclination angle was
measured between the timber-concrete interface and the screw’s
position. The axial load increased as the angle decreased from 90°
to 45°.

The withdrawal strengths of timber and concrete are calculated
based on the shear strength and tensile strength of the respective
materials, as shown in Egs. (2) and (3) [25], [26]. Notably, the ex-
perimental results of [24] were obtained from double-shear test
specimens. To calculate the shear capacity, the lowest withdrawal
strength value from Egs. (2) and (3) is used. In both equations, L:
represents the length of the screw embedded in timber, and L.
denotes the length of the screw embedded in concrete.

P4y = 0.2 mDL.0p%® cos 6 )
Pa(c) = 0.37TDLCO'SO'67 cos @ (3)

Embedment strength of the screw in timber-concrete composite struc-
tures

In Eurocode 5 [I9], embedment strength is determined using
Clause 8.3.1.1, which applies solely to timber. This equation calcu-
lates the embedment strength of screw connections based on the
full length of the screw embedded in the timber. The embedment
strength in concrete is also addressed by [19], albeit assuming that
the embedment strength of the screw is three times the con-
crete’s strength. It is also mentioned that the length of the screw
should be at least three times the screw diameter. However, our
formulation builds upon the concepts of [27]. Fig. | illustrates how
the hinge mechanism in concrete reacts to bending forces. Ac-
cording to [27], the shear capacity depends on either the timber
bearing capacity (f; ;) along the effective length (I;) or the con-
crete bearing stress (f}, ) along the effective length (I;). The max-
imum bending moments occur at points A and B (Figure Ic), lead-
ing to an equilibrium state (Figure 1d). [27] proposed Eq. (8) to
calculate P, for a 90° screw. Furthermore, [24] observed that a
higher screw inclination angle (from 45° to 90°) reduces the dis-
tance between the hinge and the timber-concrete interface. They
provided parameters for this distance for screws in concrete —
Egs. (4) and (5)— and in timber —Egs. (6) and (7). For screws in
concrete, the force caused by the embedment strength is given by
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Eq. (8), where the effective area is D x (Lc- I ). Eq. (9) simplifies
this, and Eq. (10) accounts for various screw angles. The screw
angle affects f;, ., which must be adjusted based on the angle in
order to determine its value along the X-axis.

For tension:
l. =0.00316L, — 0.11L, 4)
For compression:
l. =0.50L, — 0.00406L, (5)
For tension:
l, =-0.01176L; + 1.13L, (6)
For compression:
l, =—0.00416L; + 0.43L, @)
Py = freD(Le —1o) ®

Shear. >E ‘;% D fac

concrete force

- |
timber ——'—“:’

S
5 +
o~
>
D fu: =
a) Lergth b) Bearing  ¢) Bending d) Equilibrium
measurement  stress moment state
Figure 1. Hinge mechanism in concrete
Source: Authors
Py
fre =57—~ €)]
D (Lc - lc)
f B ne (10)
e = 7~ sin
D (Lc - lc)

Developing an empirical shear capacity and stiffness model

This subsection details the development of empirical models for
shear capacity and stiffness using MLR. Initially, the limitations of
the model by [27] were noted, specifically associated with its fail-
ure to consider screw angles. According to [24], the effective
length (I.) varies with the screw angle: it decreases for compres-
sion screws and increases for tension screws as the angle increases
from 45° to 90°. This analysis involves parameters such as P,
Py, Py, D, L., Ll s Oy(s) O and o5p. In this work, the unknown
parameter f; . was analyzed through MLR, and the empirical
model for f}, . was then used in the equation for P,,. As for
stiffness, the existing model by [I] exhibits some limitations for a
90° screw angle. This study proposes a new stiffness model based
on the equation of K. The global flexibility coefficient (), an un-
known value, was analyzed using MLR with the known parameters
K, Es, and I;. The empirical model for J was then substituted back
into the equation for Kj, resulting in a new stiffness model.

Database of connection specimens

The process of deriving the predictive model for shear force ca-
pacity and stiffness began with the collection of data from previous
studies. Table | presents the compiled data on shear force connec-
tion tests from various sources, and Table |l shows the overall
range of properties for all specimens. All specimens analyzed were

tested in an X-shaped arrangement. The sources were selected
based on connection tests using TCC, corresponding to the 2014-
2023 period. A total of 60 specimens was included, comprising
both single- and double-shear test specimens (see Appendix | in
the supplementary material for full details).

Table I. Database of connection shear tests from 2014 to 2023

Refer- Test No.
ence of
sam D Ls [/} Gs Gy(s
Ples  (m (m (MP (M ) ()
m) m) a) a) (MP
a)
[n Single 12 7.5 65- 48 28 510 30-

Sample properties

shear 97 60
[23] Dou- 2 6 210 70 327 110 45
ble 0
shear
[20] Dou- 12 8- 100 449 497 120 90
ble 16 - 0
shear 120
[28] Dou- 12 8- 160 24 327 160 45
ble 12
shear
[29] Dou- 10 10- 180 434  40- 462 30-
ble 14 60 90
shear
[30] Dou- 4 I 150 39 32 504 30-
ble - 45
shear 200
[24] Dou- 8 6 210 24- 16.3 820 30-
ble 70 6- 90
shear 26.5

Source: Authors

Table II. Ranges in the database

Parameters Range
Screw diameter - D 6-16 mm
Screw length - Ls 65-210 mm
Beam strength (timber) — o8 24-70 MPa
Slab strength (concrete) - Gs 16.36-60 MPa
Screw angle - 0° 30-90°
Number of specimens 60

Source: Authors

Results and discussion

Influence of material properties on the embedment strength of screws
in concrete

This subsection addresses the influence of material properties on
the embedment strength of screws in concrete. Fig. 2 plots the
concrete embedment strength (fic) against the distance between
the hinge and the timber-concrete interface (l.). This graph shows
the measured fhc values of 60 specimens, with power laws fitted
to the data. The coefficient of determination (R?) for the plot is
0.6616, indicating a quite significant relationship between [, and
fhe. The analysis reveals that the embedment strength of screws in
concrete decreases as [ increases. The shear capacity consists of
two components: the force from the withdrawal strength and the
force from the embedment strength, as expressed in Eq. (I). The
withdrawal strength is higher for smaller screw angles, while the
embedment strength increases with larger screw angles. In con-
clusion, the primary factor affecting the embedment strength of
screws within concrete is [..
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Figure 2. fi,c plotted vs. timber beam strength
Source: Authors

Mathematical model for the embedment strength of screws in concrete

The most influential factor affecting the embedment strength of
screws in concrete is the distance between the hinge and the tim-
ber-concrete interface. This factor was used as the primary pa-
rameter in developing the mathematical model for foc. An MLR
analysis was performed to develop a combined equation that in-
corporated an additional parameter (o) to predict fuc. This is pre-
sented in Eq. (1 1) in logarithmic form. This equation was simplified
to form Eq. (12), which was used to plot the linear graph. Addi-
tionally, Eq. (13) presents a simplified expression for calculating
the value of fre. The terms m and n are the exponents for g and
l., respectively.

n (fue) = min(l,) + nin(op) + C an
ln(fh,c) _ m

m = ln(lc ) +C (12)

fh,c = ClchBn (13)

Optimizing the mathematical model for the embedment strength of
screws in concrete

To optimize Eq. (I3), it is necessary to determine the best values
for m and n. An analysis was conducted to obtain the exponents
for each variable in the equation. This was done by including two
variables: [, and op. Table Il presents the results. Here, the R2
value improved to 0.90, the standard error was further reduced
to 0.227, and the optimal exponents m and n were found to be -
0.68 and 1.2 for I, and op. Based on all analyses conducted in re-
lation to fh,, it was confirmed that [ and g have a significant effect
on Eq. (14), which is presented below. Plots of the measured vs.
predicted fc values were generated to assess this effect. Fig. 3
presents the plot for the model incorporating o and .. This plot
shows that almost 90% of the TCC specimen data fall within
33% of the line of equality. From these plots, it can be concluded
that Eq. (14) provides better predictions.

fre = 1731, %% gp12 (14)

Table ITI. MLR results of fic for compression fasteners - ANOVA: MS Excel for Eq.
(14)

Regression statistics

Multiple R 0.94938067

R squared 0.90132366
Adjusted R squared 0.89786133
Standard error 0.22732942

Observations 60
Source: Authors

fk.:zl 73 ‘ruomi gnl.z
80 ¢ R:=0.90
E n=60
90% within +/-33%

-~

o

T
]

E o
60 ¢ e ;é " ©  Mohd Snin and Kassem (2023)
—_ E . £ Du et al (2019)
E ’
g5 E S ¥O 4 Mirdad et al (2018)
E E o’ # »  Marchiet al (2017)
540 ¢ ,': @ =" x Heetal(2016)
E. E R LT & Sebastian etal (2016)
w30 F M el 4 Moshiriet al (2014)

P waneeee line of equality
- ————33%
- = +33%

30 40 50 60 70
fi, (New Model)

Figure 3. Plot of measured vs. predicted fic for compression screws
Source: Authors

Finalizing the new shear capacity model

In the above-presented MLR analysis, the equations for the fnc of
compression screws were developed. Based on Eq. (1), the total
shear capacity of the connection is the sum of Py plus Pa. P»can be
determined by substituting the empirical equation for fiinto Eq.
10. The complete equation for Ps is presented in Eq. (I5). This
expression is then substituted into Eq. (I) to derive the full shear
capacity formula, as shown in Eqs. (16) and (17).

1731, 0p"2D (L, — L)
N sin 8

(15)

b

1.731." %8612 D (Le—1;)
sin@

Prax = 0.2mDL.65%8 cos6 + If Puy<Pucy (16)

1.731. %8612 D (Lo~1c)

Prax = 0.31DL.05%%7 cos 6 + pewwn

If Puo<P.w (l 7)

Developing the mathematical model for stiffness

The stiffness model presented in this study was developed based
on the theory of [27]. The equation provided in the cited refer-
ence was modified by neglecting the plank wood thickness of the
TCC specimens, resulting in Eq. (18). The flexibility coefficients in
this equation were simplified into a single variable parameter, J,
which denotes the global flexibility coefficient. This is shown in
Egs. (19) and (20).

_ 12(acae)3Egls
S 7 3(aZ+a?)(actay) (18)
Ky = 4JEl (19)
3
] _ (acar) _ K (20)

T (@Z+a)(ac+ay) | 4Elg

where:
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e . = distance between the center of the concrete mem-
ber and the neutral axis

e a, = distance between the center of the timber mem-
ber and the neutral axis

e E; = Young’s modulus of the screw
e [, = moment of inertia of the screw

Influence of material properties on the global flexibility coefficient of
screws in the concrete

The mechanical properties of screw connections in TCC struc-
tures significantly affect their stiffness. This section discusses the
factors influencing the global flexibility coefficient of said connec-
tions. A plot of this coefficient vs. screw diameter is presented in
Fig. 4. The plot shows an R? value of 0.7016, indicating that diam-
eter has a substantial effect on J. Additionally, the plot demon-
strates that the global flexibility coefficient decreases as the screw
diameter increases.

0.6 r
[ y=1256.85x4078
r R*=0.7016
05 r o
04 T o
F & Mohd Snin and Kassem (2023)
5 [ e % Buetal (2019)
=3 03 - % Mirdad et al (2019)
=
B L @ = Marchiet al (2017)
- L ] 4 Heetal (2016)
0.2 [ ° ¢ Sebastian etal (2016)
[ q * Mashiriet al (2014)
r Ve e Power (Al data)
0.1 r .
r [o]
00 L K ‘
0 5 10 15 20

D(mm)

Figure 4. Global flexibility coefficient vs. diameter
Source: Authors

Mathematical model for the global flexibility coefficient

The factors influencing the global flexibility coefficient were dis-
cussed in the previous subsection. This coefficient was used as the
main parameter in the MLR analysis to derive the empirical model.
The mathematical model for this primary parameter is presented
in Eq. (21) in logarithmic form. This equation was simplified into
Eq. (22), where the terms m, n, k, and p represent the exponents
of the screw diameter, beam compressive strength, slab compres-
sive strength, and angle, respectively.

In (J) = min(D) + nin(og) + kin(os) + pln(6) + € (21)
J = CD™ayz" a5+ 67 (22)
Optimizing the mathematical model for |

This subsection focuses on optimizing the exponent values for
each of the previously discussed parameters. The MLR analysis was
conducted using MS Excel, as with the mathematical model for the
embedment strength of screws in concrete, and it included four
parameters: D, gg, ds, and 6 —see Eq. (22). Based on this analysis,
the exponents m, n, o, and p were determined to be -2.5, 1.62, -
1.64, and -0.52, respectively (Table IV). The coefficient C was
found to be 0.05. Additionally, the R2 value improved to 0.895, and
the standard error decreased to 0.48. The complete formula for J
is presented in Eq. (23). Plots of the measured vs. the predicted |

were generated according to (23) in order to assess how material
properties influence this parameter. When the diameter, beam
strength, slab strength, and angle were all included in this equation,
the percentage of data samples within the * 33% margin of the line
of equality improved to 90% (Fig. 5).

] — O.OSD_Z'S0'31'620'3_1'649_0'52 (23)

Table IV. MLR results for /- ANOVA: MS Excel for Eq. (23)

Regression statistics

Multiple R 0.94594156

R squared 0.89480544
Adjusted R squared 0.88715493
Standard error 0.48033232

Observations 60

Source: Authors

0.50 [ jqosprigyie gpte gos o s
E R* = 0.8948 K
045 | n- 60 .
F 90% within +-33% s
0.40 s
F _I
= E o K
§ 035 | P .
b ’ . L
§ 0.30 F . . ,-="" Mohd Snin and Kassem (2023)
s 0.35 F o . L Du et al (2019)
E .
= E o , ’ R o o 4 Mirdad et al (2018)
S020 F ’, - » Marchietal (2017)
= r o L 3 He et al [2016)
] E ’ L
Z0.15 | A L ¢ Sebastian etal (2016)
E e & Moshiriet al (2014
010 F Tt et sl (2014)
F L o wenenes line of equality
0.05 £ A 3%
b - —33%
0.00 & L L L ]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Jx1000°! (New Model)

Figure 5. Plot of measured vs. predicted J for compression screws
Source: Authors

The final stiffness formula was derived by substituting (23) into
(19), resulting in Eq. (24).

0.205 62, I
s = D254, 1649052 (24)

Comparing the new model to existing published works

The newly developed predictive models for shear capacity and
stiffness were validated by comparing them against existing pub-
lished models. The database used for this validation is presented
in Table |. The models proposed by [31] and [I] are the only ones
that consider the shear capacity and stiffness of X-shaped screw
connections in TCC structures. They are presented in Egs. (25)
and (26), respectively. These models were used as benchmarks to
evaluate our proposal.

DLt f £.0
Prax = furoDLrcosg + — —Cxt2 (25)
K, = Esfs tanh = (26)

I(1+/3ran3(90—9)ESA5cus(9o—9)
kthan(QU—Q)

I(1+/3mn3(9n—9)EsA5cos(9n—a)
kthan(go—G)

where:
®  faxte = axial withdrawal load in timber

®  fhtp = embedment strength of timber
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e E; = Young’s modulus of the screw

e [ = ratio between the embedment strengths of con-
crete and timber

ek, =foundation modulus of timber in parallel
Comparison of the shear capacity models

This subsection compares the results obtained from our proposal
and those from the model by [31]. Plots of measured vs. Pmax were
created for both models. As shown in Fig. 6, the new empirical
model exhibits an R2 value of 0.82, with 97% of the data samples
falling within £33%. This indicates that our proposal offers good
shear capacity predictions. On the other hand, Fig. 7 presents the
same plot for the model by [31]. Here, the values correspond to
the closest approximation to the measured Pmax. The plot reveals
an RZvalue of 0.544, significantly lower than that of the new em-
pirical model. Additionally, only 73% of the data samples fall within
*33% of the line of equality.

35

R*=0.82 e
n=60
97% within +/-33%

Mohd Snin and Kassem (2023)
Du et al (2018)

Mirdad et al {2018)

Marchi et al (2017)

He et al {2016)

Sebastian etal (2016)
Moshiriet al (2014)

- line of equality

0 5 10 15 20 25 30 35
P (New Model)

Figure 6. Measured vs. predicted Puax for the new empirical model
Source: Authors

35 ¢ v
[ R=0.5439 L’
r n=60 i
30 73% within +/-30%
25 |
o [ Mohd Snin and Kassem (2023)
51 [
520 F Du et al (2019)
71 [
8 r & Mirdad et al (2018)
E 15 F Marchi et al (2017)
E] L
g [ He et al (2016)
as [
10 F Sebastian et al (2016)
L Moshiri et al {2014)
T line of equality
5t
o E

(=1
w

10 15 20 25 30 35
Prax(Moshiri et al.'s Model)

Figure 7. Measured vs. predicted Puax for the model by [31]
Source: Authors

We generated a plot of the ratio between the measured and the
model’s Pmax vs. the angle to compare the two models (Fig. 8). It is
evident that the new empirical model provides a closer prediction
than [31]. The mean and standard error of our proposal are 0.99
and 0.17, respectively. In contrast, the model by [31] reports a
mean and a standard error of 1.30 and 0.35, which are higher than
those of the new model. Furthermore, the plot shows that the

ratio for all data samples using the new empirical model falls within
the range of 0.5 to |.5. Meanwhile, the ratio for the other model
encompasses a wider range, from 0.5 to 2.1. This demonstrates
that our proposal outperforms the model in [31] when it comes
to predicting shear capacity.

25 - Moshiris model:
r mean: 1.30
i std: 0.35
[N del: g
L20 - emes :
] [ ostdinay H
5 r o
i :
s15 -
I g g
e_f [ 8 « . g ¥ New model
%.10 L § % g % ........ O Meshiri's model
'g . [ ; ; g & Ratio line
_?5 r o 5 ¥ , o
g [ b4
“05 -
00 - ' : ‘ :
0 20 40 60 80 100
Angle (°)

Figure 8. Modeled/measured Py vs. screw angle
Source: Authors

Stiffness model comparison

This subsection compares our stiffness model against that of [1].
Plots of measured vs. predicted Ks were generated for both mod-
els. Fig. 9 presents the plot for the new empirical model, showing
an RZ value of 0.3425. Approximately 67% of the data samples fall
within £ 33% of the line of equality. As for [1], the plot is shown
in Fig. 10. In this case, an R? value could not be obtained, as several
values of Ks were 0, so the trendline could not be plotted. Based
on these observations, it can be concluded that the new empirical
model performs better in predicting stiffness than that in [1]. Alt-
hough the R? of 0.3425 for the new empirical model is lower than
the ideal threshold of 0.8, it still significantly outperforms the pub-
lished prediction model for X-shaped screw arrangements.

Further comparisons were made by plotting the ratio of pre-
dicted/measured Ks vs. the angle (Fig. I1). It was found that the
ratio for the published model ranges from 0 to 6.5. According to
[1], the K values for specimens at 0° and 90° are always 0, but this
did not hold, highlighting a key limitation of the published model.
In contrast, the range of ratios for the new empirical model is be-
tween 0.5 and 4, which demonstrates a much better performance.

30
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n=60 K
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Figure 9. Measured vs. predicted K; for the new empirical model
Source: Authors
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Independent check using data from [1]

This section compares our shear force and stiffness models against
those of [31] and [1] using 12 of their data samples. The mean and
standard deviation of both models were calculated to facilitate
comparison. Following these calculations, the ratio of model pre-
dictions to experimental values was plotted, as shown in Fig. 12
for the shear capacity. This parameter was better predicted by the
new model, exhibiting a slightly better agreement with the meas-
ured values. The mean and standard deviation for the newly pro-
posed model were 0.92 and 0.08, respectively, better than the val-
ues reported by [31], which had a mean of 1.06 and a standard
deviation of 0.13. Fig. 13 presents the ratio of model predictions
to experimental values for stiffness. It is clear that the new model
offers a better prediction, with a mean and a standard deviation of
0.86 and 0.14, outperforming [I], which had a mean of 1.6 and a
standard deviation of 0.91.
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Sensitivity analysis

This subsection discusses the influence of various parameters on
the shear capacity and stiffness of screw connections in TCC
structures. Five input variables, each with a range of values, were
employed to conduct a comprehensive parametric analysis. The
control variable method was applied, varying one parameter while
the others remained constant. A sample from [|] served as the
reference model (Table V). Furthermore, the ranges of the five
input variables are provided in Table VI.

The analysis began by evaluating the effect of these parameters on
the shear capacity. First, the impact of the length of the screw
embedded in the concrete (L.) on Pmax was examined. The values
of L. considered were 65, 85, 95, and 100 mm. It was observed
that the shear capacity of the connection increased significantly as
L. increased from 65 to 100 mm (Fig. 14). Next, we assessed the
influence of timber beam strength (og). The values considered
were between 24, 30, 50, and 70 MPa. Fig. |5 presents a plot of
Pmax vs. g, where a significant increase in shear capacity can be
observed as g increases.
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Table V. Selected samples from the referenced model
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Figure 15. Influence of o on Ppax
Source: Authors

The analysis was further extended to consider the influence of
concrete slab strength on shear capacity. Fig. 16 illustrates this ef-
fect, showing that the shear capacity of the connection increases
with the concrete slab strength. Additionally, the sensitivity of Pmax
to the screw angle was examined, with Fig. 17 demonstrating that
the screw angle has a relatively significant impact on the shear ca-
pacity. Lastly, Fig. 18 shows that the shear capacity increases sig-
nificantly with larger screw diameters. For details related on Figs.
14-18, please refer to Appendix 2, which is provided as supple-
mentary data.
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Figure 16. Influence of g5 on Ppax
Source: Authors
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Source: Authors
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Figure 18. Influence of D on Puax
Source: Authors

Finally, the influence of the timber beam strength (og), concrete
slab strength (os), and screw angle (6) on the proposed stiffness
model was evaluated using the same sample and ranges. As shown
in Fig. 19, the stiffness of the connection increases significantly with
the timber beam strength. Moreover, Fig. 20 indicates a decrease
as the concrete slab strength increases, which may be due to mi-
crocracking at higher concrete strengths; when the screw experi-
ences shear, higher-strength concrete can crack earlier due to
brittleness, thereby reducing the effective stiffness [32]. Finally, the
screw angle was found to have a notable influence on stiffness,
which decreased as the former increased from 20° to 80° (Fig. 21).
For additional details in this regard, please consult Appendix 2,
which contains supplementary data.
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Conclusions

This paper presents empirical models for predicting the shear ca-
pacity and stiffness of TCC structures with X-shaped screw ar-
rangements, which were developed via MLR analysis, utilizing a
comprehensive database of 60 specimens. The model for shear
capacity, shown in Egs. (16) and (17), exhibits a strong predictive
performance, with R? = 0.82 and 97% of specimens falling within *
33% of the line of equality. Comparisons against a published model
confirm the superior accuracy of our proposal. On the other hand,
stiffness was calculated as 40% of the maximum load divided by
the displacement, with the global flexibility coefficient identified as
a key parameter. The resulting empirical stiffness model is given in
Eq. (24). While the R? for predicted vs. measured Ks is 0.3425 (be-
low the 0.8 threshold), our proposal outperforms the published

model, whose R? could not be determined due to zero-stiffness
predictions at 0° and 90°. The new model’s stiffness ratio ranges
from 0.5 to 4, whereas the other model reports a range of 0-6.5,
indicating the superior predictive performance of the latter.
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Appendix 1

[
Kia0)
e L. Oy Ls L. I D os o8B kN
Source (mm)  (MPa) (mm) (mwm) (mm) (mm0) (MPa) (kgm’) (kghn) Mpa _(N/mm) (per)
per fastener fastener
30 130 820 210 80 28.62 6 265 2400 740 70 21.0 20.5
60 160 820 210 50 12.19 6 265 2400 740 70 25.9 16.8
75 152 820 210 58 10.83 6 265 2400 740 70 125 14.3
) 90 147 820 210 63 9.85 6 265 2400 740 70 43 23
Mohd Snin and Kassem (2023) —,o—,; 820 210 85 25.57 6 16.36 2400 420 2% 18.5 9.9
60 125 820 210 85 20.72 6 16.36 2400 420 24 9.1 8.0
75 125 820 210 85 15.88 6 16.36 2400 420 2% 127 82
9% 125 820 210 85 13.29 6 16.36 2400 420 24 3.0 10.9
. 45 150 1000 210 60 18.05 6 327 2400 740 59.4 1.6 195
Sebastian et al (2016) 45 150 1000 210 60 18.05 6 327 2400 740 59.4 14.3 16.0
%0 80 1200 120 40 6.25 8 49.7 2400 552.1 449 5.7 154
9% 80 1200 120 40 625 8 49.7 2400 552.1 449 3.0 13.8
%0 80 1200 120 40 6.25 8 49.7 2400 552.1 449 25 12.0
9% 80 1200 120 40 6.25 12 49.7 2400 552.1 449 7.6 19.7
9% 80 1200 120 40 625 12 49.7 2400 552.1 449 7.1 252
He et al (2016) 9% 80 1200 120 40 6.25 12 49.7 2400 552.1 449 7.0 145
9% 80 1200 120 40 625 16 49.7 2400 552.1 449 213 294
9% 80 1200 120 40 6.25 16 49.7 2400 552.1 449 17.9 328
9% 80 1200 120 40 625 16 49.7 2400 552.1 449 7.6 29.8
90 60 1200 100 40 6.25 16 49.7 2400 552.1 449 16.5 27.3
9% 60 1200 100 40 625 16 49.7 2400 552.1 449 13.0 243
90 60 1200 100 40 6.25 16 49.7 2400 552.1 449 10.0 279
45 80 400 160 80 24.06 8 32.73 2400 426 24 3.0 85
45 80 400 160 80 24.06 8 3273 2400 426 2% 2.9 7.8
45 80 400 160 80 24.06 8 32.73 2400 426 24 26 82
45 80 400 160 80 24.06 8 3273 2400 426 2% 25 7.8
45 80 400 160 80 24.06 10 32.73 2400 426 24 52 9.9
) 45 80 400 160 80 24.06 10 32.73 2400 426 2% 29 1.0
Marchi et al (2017) 45 80 400 160 80 24.06 10 32.73 2400 426 24 56 10.6
45 80 400 160 80 24.06 10 3273 2400 426 2% 25 105
45 80 400 160 80 24.06 12 32.73 2400 426 24 82 13.1
45 80 400 160 80 24.06 12 32.73 2400 426 2% 5.9 12.8
45 80 400 160 80 24.06 12 32.73 2400 426 24 38 13.6
45 80 400 160 80 24.06 12 3273 2400 426 24 32 133
45 110 462 180 70 21.06 12 40 2400 91 43.4 8.4 19.8
45 110 462 180 70 21.06 12 50 2400 491 434 86 218
45 110 462 180 70 21.06 12 60 2400 1 43.4 9.1 246
45 110 462 180 70 21.06 10 40 2400 491 43.4 7.4 17.7
Du et al (2019) 45 110 462 180 70 21.06 14 40 2400 1 43.4 10.3 22
45 90 462 180 90 27.07 12 40 2400 491 434 78 18.0
45 130 462 180 50 15.04 12 40 2400 1 43.4 9.6 234
30 110 462 180 70 25.05 12 40 2400 491 434 9.6 235
60 110 462 180 70 17.07 12 40 2400 1 43.4 62 17.8
9 110 462 180 70 10.94 12 40 2400 491 43.4 48 194
45 80 1000 150 70 21.06 I 39 2400 504 32 124 16.8
) 30 80 1000 150 70 25.05 I 39 2400 504 32 28 209
Mirdad et al. (2019) 45 100 1000 200 100 3008 I 39 2400 504 32 18.3 22
30 100 1000 200 100 3578 I 39 2400 504 32 237 19.8
60 155 510 220 65 15.85 7.5 28 2400 560 48 12.8 175
60 155 510 220 65 15.85 7.5 28 2400 560 48 10.8 16.3
60 155 510 220 65 15.85 7.5 28 2400 560 48 12.0 15.0
60 155 510 220 65 15.85 7.5 28 2400 560 48 145 145
45 142 510 220 78 2346 75 28 2400 560 48 17.5 175
- 45 14 510 220 78 2346 75 28 2400 560 48 18.6 16.3
Moshiri et al (2014) 45 142 510 220 78 2346 7.5 28 2400 560 48 182 155
45 14 510 220 78 2346 75 28 2400 560 48 12.0 15.0
30 123 510 220 97 34.71 7.5 28 2400 560 48 14.2 225
30 123 510 220 97 3471 75 28 2400 560 48 142 20.0
30 123 510 220 97 34.71 7.5 28 2400 560 48 14.0 185
30 123 510 220 97 3471 75 28 2400 560 48 14.0 188
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Appendix 2

Table A2a. Details of data for Figure 14

Angle D L. L. I a8 o5 fhe Pag) Pagy) Ps Prmax
®) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (kN) (kN) (kN) (kN)
(5) (14) 3) 2) (15) (16)or(17)
60 75 65 155 16.9 48 28 26.34 2.14 8.14 8.23 10.37
60 7.5 85 155 22.1 48 28 21.95 2.80 8.14 8.96 11.77
60 75 95 155 24.7 48 28 20.35 3.13 8.14 9.29 12.42
60 7.5 100 155 26 48 28 19.65 3.30 8.14 9.44 12.74
*In bracket () : Equation used for calculation
Table A2b. Details of data for Figure 15
Angle D L. L. I OB o fhe Pag) Pag) Ps Prmax
) (mm)  (mm) (mm) (mm) (MPa) (MPa) (MPa) (kN) (kN) (kN) (kN)
() (14) 3) 2) (15)  (16) or (17)
60 7.5 65 155 16.9 24 28 11.46 2.14 4.67 3.58 5.72
60 7.5 65 155 16.9 30 28 14.98 2.14 5.59 4.68 6.82
60 7.5 65 155 16.9 50 28 27.66 2.14 8.4l 8.64 10.78
60 7.5 65 155 16.9 70 28 41.42 2.14 11.00 1294 15.08
*In bracket () : Equation used for calculation
Table A2c. Details of data for Figure 16
Angle D L. L. I as Ts foe Pac) Pa) Py Pumax
) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (kN) (kN) (kN) (kN)
(5) (14) 3) 2) (5 (16)or(17)
60 75 65 155 16.9 48 18 26.34 1.59 8.14 8.23 9.82
60 75 65 155 16.9 48 30 26.34 2.24 8.14 8.23 10.47
60 75 65 155 16.9 48 45 26.34 2.94 8.14 8.23 .17
60 75 65 155 16.9 48 60 26.34 3.57 8.14 8.23 11.80
*In bracket () : Equation used for calculation
Table A2d. Details of data for Figure 17
Angle D L. L. I o8 s e Pao) Pag) Py Prmax
) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (kN) (kN) (kN) (kN)
(5) (14) 3) 2) (15 (16)or(I17)
30 7.5 65 155 247 48 28 20.35 371 14.08 3.07 6.78
45 7.5 65 155 20.8 48 28 22.87 3.03 11.50 5.36 8.39
70 7.5 65 155 14.3 48 28 29.51 1.47 5.57 10.54 12.01
90 7.5 65 155 9.1 48 28 40.12 0.00 0.0l 16.82 16.82
*In bracket () : Equation used for calculation
Table A2e. Details of data for Figure 18
Angle D L. L. I o8 Ts e Pag) Pag) Py Prax
) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (kN) (kN) (kN) (kN)
(5) (14) 3) 2 (15 (6)or(I17)
60 6 65 155 16.9 48 28 26.34 1.71 6.51 6.58 8.29
60 8 65 155 16.9 48 28 26.34 2.29 8.68 8.77 11.06
60 12 65 155 16.9 48 28 26.34 343 13.02  13.16 16.59
60 16 65 155 16.9 48 28 26.34 4.57 1736 17.55 22.12
*In bracket () : Equation used for calculation
Table A2e. Details of data for Figure 19
An- D Lc Lt o8 s Es Is K;
gle (mm) (mm) (mm) (mm) (mm) (MPa) (mm*) (kN/mm)
®)
(24)
60 75 65 155 20 28 205000 155.24 2.89
60 7.5 65 155 40 28 205000 155.24 8.89
60 75 65 155 60 28 205000 155.24 17.15
60 7.5 65 155 80 28 205000 155.24 27.33
*In bracket () : Equation used for calculation
Table A2f. Details of data for Figure 20
An- D Lc Lt o8 s Es Is K;
gle (mm) (mm) (mm) (mm) (mm) (MPa) (mm*) (kN/mm)
®)
(24)
60 7.5 65 155 48 20 205000 155.24 20.75
60 7.5 65 155 48 40 205000 155.24 6.66
60 7.5 65 155 48 60 205000 155.24 342
60 75 65 155 48 80 205000 155.24 2.14

*In bracket () : Equation used for calculation

INGENIERIA E INVESTIGACION VOL. 45 No.2, el16327

12



Table A2f. Details of data for Figure 21

An- D Lc Lt as g5 E, Is K

gle (mm) (mm) (mm) (mm) (mm) (MPa) (mm*) (kN/mm)
®)

(24)

30 75 65 155 48 28 205000 155.24 16.90
60 7.5 65 155 48 28 205000 155.24 11.95
80 75 65 155 48 28 205000 155.24 10.35
90 75 65 155 48 28 205000 155.24 9.76

*In bracket () : Equation used for calculation
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