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Numerical modelling of CFRP internally reinforced glulam beams 
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A r t i c l e  h i s t o r y  A B S T R A C T  

Numerous studies have proven that timber structures can be effectively reinforced 
using fibre-reinforced polymer (FRP) composites. In this paper a nonlinear finite 
element model was developed to predict bending behaviour of glulam beams 
reinforced with carbon fibre reinforced polymer (CFRP) plates strategically located 
in the tension zone between the bottom two laminations. The developed model was 
validated through comparison with the results of experimental tests for both 
unreinforced and reinforced beams. To accurately simulate the mechanical 
behaviour of hybrid glulam-CFRP members, suitable constitutive relations for each 
material were utilised in the model. The theory of anisotropic plasticity was 
implemented to include plastic behaviour of timber laminations in the compression 
zone. The Hill’s criterion for orthotropic materials was used as a condition for 
transition to the plastic state. The progressive damage model was introduced to 
effectively simulate softening behaviour of timber in tension. The FEM results have 
shown excellent agreement with the experimental results. Nonlinear behaviour of 
glulam beams internally reinforced with CFRP was achieved in the numerical 
analysis, demonstrating the accuracy of developed model past the linear-elastic 
range. 
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1 Introduction 

Timber structures represent a popular choice in today’s 
construction industry as a sustainable solution which  has a 
positive impact on the environment and the experience of 
occupants. Accurate prediction of timber structural elements 
behaviour under different loading conditions is difficult due to 
variability in stiffness and strength properties of wood, which 
is a consequence of natural defects and discontinuities. 
Nowadays, there is an increasing tendency to eliminate 
those uncertainties and improve mechanical performance of 
timber structures. There are numerous studies proving the 
effectiveness of strengthening or reinforcing timber members 
using fibre-reinforced polymer (FRP) composites [1-9]. 
Features such as high stiffness and strength, low weight, 
good durability (no corrosion), electromagnetic neutrality, 
availability in different shapes and flexibility make FRP 
composites convenient for reinforcement of timber 
structures. FRP reinforcement placed in tension zone of 
timber beams may produce significant improvements in 
stiffness and ultimate load capacity. Two most commonly 
used FRPs are glass (GFRP) and carbon (CFRP). 

As experimental research requires resources which 
make it a time-consuming and expensive, numerical models 
can be a time-saving and cost-effective solution. Additionally, 
numerical models can be used to further analyse and 

 
*  Corresponding author: 

 E-mail address: todorovicm@grf.bg.ac.rs 

optimise existing experimentally obtained data. Some 
published works have already numerically investigated the 
performance of FRP-reinforced timber members in different 
arrangements. Nowak et al. [10] analysed CFRP strips 
inserted vertically and horizontally into the cross-section of 
timber beams by considering two behaviour models of wood: 
elastic and elastic-ideally plastic model. Although satisfactory 
agreement was obtained between experimental and 
numerical results, authors concluded that further research is 
needed in order to better describe the behaviour of timber 
beams under bending. Szczecina [11] studied glulam beams 
strengthened with CFRP plates in four-point bending test by 
considering different material models for timber (orthotropic 
linear-elastic and orthotropic elasto-plastic) and different 
definitions of cross-section of glulam beams (modelling of the 
whole section or division into laminations). FEM results 
showed that linear-elastic model is valid only for relatively 
small values of mid-span deflection and that division of cross-
section into laminations has no significant impact. Raftery 
and Harte [12] discuss the development of a nonlinear finite 
element model that has the capability to predict the 
mechanical behaviour of low-grade glued laminated timber 
reinforced in flexure with GFRP plates. The model 
incorporates anisotropic plasticity theory for timber 
laminations in the compression zone of the glulam with the 
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failure model based on the maximum stress criterion. Strong 
agreement is found between the simulated load-deflection 
behaviour and the experimental results of unreinforced and 
GFRP plate reinforced glulam. The model predicts the 
nonlinear performance of the reinforced beams with good 
accuracy with satisfactory results achieved in relation to 
elastic stiffness and ultimate moment capacity. Khelifa et al. 
[13] focused on the flexural behaviour of solid timber beams 
externally reinforced using CFRP. Elasto-plastic behaviour 
with damage effect was assumed for timber material. The 
conclusion was that the flexural behaviour of solid timber 
beams can be modelled through a local approach based on 
the coupling of orthotropic elasticity, Hill’s plasticity 
anisotropic quadratic criterion and cohesive model.D. 
Harrach et al. [14] conducted reliability-based analysis by 
creating probabilistic nonlinear finite element models of 
glulam beams reinforced with CFRP plate as well as 
unreinforced glulam beam under bending. Properties of 
timber material are considered as random variables following 
a normal distribution with mean value and standard deviation. 
This research has successfully given a deep understanding 
of how uncertainties play a crucial role on the deformations 
and stresses of considered FE models. Based on these 
studies and results it has become clear that accurate 
definition of material behaviour is the most important part of 
modelling. 

This paper presents numerical analysis of bending 
behaviour of glulam beams reinforced with CFRP plates 
strategically located in the tension zone between the bottom 
two laminations, performed with the aim of determining 
accurate stress-strain state. A nonlinear three-dimensional 
finite element model was developed using software package 
Abaqus.The theory of anisotropic plasticity was implemented 
to include plastic behaviour of timber laminations in the 
compression zone with the Hill’s criterion for orthotropic 
materials as a condition for transition to the plastic state. 
Moreover, in order to improve existing FEM models, the 
progressive damage model was introduced to effectively 
simulate softening behaviour of timber in tension. Numerical 
model was validated through comparison of the predicted 
load-deflection behaviour, stiffness, maximum load and 
strain profile distribution with experimentally obtained data. 

 
 
 

2 Materials and methods 

2.1 Experimental research 
 

The experimental testing was performed at the 
Laboratory of Structures, Faculty of Civil Engineering, 
University of Belgrade conducted the experimental testing. 
Eight unreinforced control glulam beams (Series A) and five 
glulam beams reinforced with CFRP plates incorporated in 
between two last laminations (Series F) were tested. These 
tests were a part of a larger study on reinforcement 
possibilities of glulam beams using FRP materials [6]. 

Geometry of the test series is shown in Fig. 1. Tested 
glulam beams were made from spruce timber classified in 
the strength class C24 according to EN 338 [15].Dimensions 
of glulam beams were 80 mm width × 210 mm height × 4000 
mm length. Each beam was composed of seven 30 mm thick 
laminations. Reinforced beams were manufactured with six 
laminations, and the seventh one was added after the 
reinforcement was placed and proper bond was established 
between the reinforcement and the beam. Unidirectional 
CFRP plate (Sika CarboDur S613) was used as 
reinforcement with dimensions of 1.3 mm thickness × 60 mm 
width × 4000 mm length. The manufacturer provided following 
mechanical properties: modulus of elasticity 165 GPa and 
tensile strength 2800 MPa [16]. The plate was bonded using 
epoxy adhesive (Sikadur-330). Bonded-in reinforcement is 
associated with improved fire protection, as well as being 
visually more acceptable in comparison to external 
reinforcement. In addition, the possibility of premature 
delamination is significantly reduced when reinforcement is 
placed internally due to a greater bond area [4]. 

Guidelines given in EN 408 [17] were followed during the 
testing in four-point bending configuration presented in Fig. 
2. The beams were simply supported over 3780 mm span 
with the load applied in thirds of the span. Loading was 
stroke-controlled and it gradually increased until failure using 
a hydraulic jack. During testing, load was transformed from 
one load point to two load points using a steel beam. Roller 
bearings were used as supports and at the load application 
points. Steel plates were positioned at the load application 
and support positions to minimize the effects of local 
indentation. Moreover, lateral bracing was provided to 
prevent  lateral instability of  the beams. Load was  recorded  

 

 

Fig. 1. Unreinforced (Series A) and reinforced beam (Series F) 
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Fig. 2. Test layout  
 
 
with a compression load cell, while deflection at mid-span 
was measured using linear variable differential transducers 
(LVDTs). Strains were measured using strain gauges at 
various locations throughout the beam’s height at mid-span. 
All readings from loading cell, LVDTs and strain gauges were 
recorded using a computerized data acquisition system. 
 
2.2 Numerical modelling  
 
2.2.1  Model description 
 

FEM software package Abaqus [18] was used for 
modelling of tested beams. As the experimental set-up was 
symmetrical around x- and y-axis, in order to optimize 
calculations, symmetry constraints were introduced and only 
1/4 of the beam was modelled. The support was modelled as 
a roller bearing, restraining only the movement in vertical 
direction. Steel plates that were positioned at supports and 
loading points were also incorporated in the model to avoid 
stress concentrations at these sensitive positions. Based on 
experimental investigation, certain simplifications have been 
determined for the numerical model, such as: 

− Each lamination was modelled separately to account 
for their different compressive and tensile behaviour, as 
explained in material characterisation chapter; 

− Perfect connection was implemented at bonding 
interfaces between the laminations, since no bond-line 
failures were observed during experimental testing; 

− A perfectly bonded connection was assumed to exist 
between timber and reinforcement as bonds of high quality 
were established during the experimental testing; 

− No slip was included at the interface between steel 
plates and the timber surface. 

Glulam beams were modelled using 8-node solid 
elements with reduced integration (C3D8R), CFRP plates 
using 4-node membrane elements with reduced integration 
(M3D4R) and steel plates using 4-node shell elements (S4), 
all available in Abaqus [18]. A mesh discretisation study was 
conducted to determine the finite element sizes. Two finite 
elements were adopted through the thickness of each timber 
lamination and one element through the thickness of CFRP 
plate. Finer mesh was generated for laminations adjacent to 
the CFRP plate, where stress transfer from CFRP plate to 
glulam occurs. Fig. 3 illustrates the adopted finite element 
mesh. The numerical analysis was performed using the 
Dynamic/Explicit solver. A series of vertical displacement 
increments were applied across the width of the beam until 
failure. As geometrical nonlinearities were considered, 
equilibrium equations are always formulated in the current 
configuration using current nodal positions, with the update 
of the finite element stiffness matrix at each increment [19]. 

 

 

Fig. 3. Mesh discretisation for unreinforced (Series A) and  reinforced (Series F) beams 

 

 

Series A 

Series F 
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2.2.2 Material characterisation 
 

Accuracy of material modelling is of utmost importance in 
FEM modelling. Material input parameters for the finite 
element model were determined from material 
characterisation testing, known relationships and published 
data available in the constitutive relations for each material 
were utilised. 

As timber is considered to be an orthotropic material, 
three main anatomical directions were assigned to the three 
principal axes (Fig.4).The behaviour of timber in the elastic 
region was described using nine independent engineering 
constants (three moduli of elasticity, three shear moduli and 
three Poisson’s ratios).  

 

Fig. 4. Local coordinate system for timber 
 

 
CFRP composite was considered to be a liner-elastic 

anisotropic material with transverse isotropy. Steel was 
treated as linear-elastic isotropic material. 

Properties of each material were assumed to be 
independent of loading rates. Effects of environment, such 
as moisture and temperature, on the behaviour of timber 
were not taken into consideration. The material parameters 
of timber, CFRP plate and steel used for numerical 
simulations are presented in Table 1. 

 
Table 1.Material parameters of timber and CFRP plates 

used in numerical modelling 

 Timber CFRP plate  Steel 

Modulus of elasticity E (MPa)  

E1 11,080 165,543 210,000 
E2 886 10,000 210,000 
E3 554 10,000 210,000 

Poisson’s ratio ν (-)  

ν12 0.37 0.3 0.3 
ν13 0.42 0.3 0.3 
ν23 0.47 0.03 0.3 

Shear modulus G (MPa)  

G12 791 5,000 - 
G13 744 5,000 - 
G23 79 1,000 - 

 
Experimental research was performed on small 

specimens to obtain the modulus of elasticity of timber (E1) 
in the longitudinal direction. Timber has different moduli of 

elasticity for tension, compression and bending, but their 
values are very similar and for practical purposes assumed 
to be identical. General relationships as expressed in [20] 
were used to calculate the moduli in the transverse directions 
and shear planes, as well as Poisson’s ratios. The elastic 
parameters for CFRP plate were adopted based on 
experimental tests (E1) as well as values given in [21]. The 
properties in the plate thickness direction were taken the 
same as those in the transverse direction. 

An important part of the numerical procedure is the 
selection of the most adequate timber strength values. Due 
to stress distribution effect in timber flexural members, 
tensile stress at failure is greater in bending than in axial 
tension. Hence, ultimate tensile stress was assumed to be 
equal to bending strength (ft,0 = fm =42.5 MPa) obtained from 
bending tests, which were conducted on small timber 
specimens taking into account size effect. The ultimate 
tensile stress will effectively be increased with addition of 
CFRP plate [6]. Horizontal reinforcement in tension zone 
acts as a bridge over timber defects and damages, and 
contributes to tensile capacity of the glulam beam. 
Experimental research has shown that the average extreme 
tensile strain at failure increased for reinforced over the 
unreinforced beams. Large strains at failure indicate large 
stresses at failure. Since no information was available for 
tensile strength in bending of reinforced timber, numerical 
procedure was modified to account for enhancement of 
bending strength using a modification factor. In this case, 
according to the ultimate tensile strain data, modification 
factor was taken as 1.25, therefore ft,0,mod= 53 MPa. 

Stress-strain relationship model for timber is presented in 
Fig. 5 where elastic-perfectly plastic behaviour was adopted 
for compression (negative part of the diagram) and elastic-
softening behaviour for tension (positive part of the 
diagram).Exponential softening model was used to describe 
the softening behaviour of timber under tension [22]. 
Unmodified timber stress-strain curve was implemented for 
the bottom lamination. However, as the reinforcement 
influenced the laminations above it, modified stress-strain 
curve was adopted, as presented in Fig. 5. 

Yield stresses of timber were considered to be equal to 
its compressive and shear strengths in various directions. 
These properties were estimated based onconducted 
material tests and available data for spruce timber in 
literature. The assumed yield points are shown in Table 2. 
 

Table 2. Yield points assumed for numerical analysis 

Yield stress (MPa) 

11  22  33  12  13  23  0  
0  

36.3 5.0 5.0 6.1 6.1 3.0 36.3 21.0 

 
The theory of anisotropic plasticity was applied to include 

plastic mechanical behaviour of timber laminations in the 
compression zone. Plasticity was defined in Abaqus using 
yield stress and plastic strain. The Hill’s criterion for 
orthotropic materials was used as a condition for transition to 
the plastic state: 

 

( ) ( ) ( ) ( )
2 2 2 2 2 2

22 33 33 11 11 22 23 31 122 2 2f F G H L M N= − + − + − + + +            (1) 

 
 

 

(1): longitudial

(3): tangential

(2): radial
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where F, G, H, L, M and N are constants calculated based 
on the material strength characteristics for different 
directions: 

 
 

( )

( )

( )

2 20 0

2 2 2 2 2 2 2 2

22 33 11 22 33 11 23 23

2 20 0

2 2 2 2 2 2 2 2
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2 2
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1 1 1 1 1 1 1 3 3
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R R R R
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R R R R

H

     
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     

     
= + − = + − = =     
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= + −
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   

 
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
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2
0

2 2 2 2 2 2

33 11 22 33 12 12

1 1 1 1 1 3 3
            

2 2 2
N

R R R R

     
= + − = =     

    



 

  (2) 

Hill’s parameters that were used in the model are: 

11 12
11 120 0

1322
22 130 0

33 23
33 230 0

36.3 6.1
1               0.29

36.3 21.0

5.0 6.1
0.14         0.29

36.3 21.0

5.0 3.0
0.14         0.14

36.3 21.0

R R

R R

R R

 
= = = = = =
 


= = = = = =
 

 
= = = = = =
 

  (3) 

 

 

Fig. 5. Stress-strain curve for timber 
 
 

For laminations in tension zone, the progressive damage 
model was introduced to effectively tackle the softening 
behaviour of timber. There are eight stress-based failure 
criteria or damage initiation functions proposed by Sandhaas 
and van de Kuilen[23]. Criterion I presents failure in tension 
parallel-to-grain, Criterion II –failure in compression parallel-
to-grain, Criteria III–IV –failure in tension perpendicular-to-
grain, Criteria V–VI– failure in compression perpendicular-to-
grain and Criteria VII–VIII – shear failure. Failure Criterion I 
was selected to quantify damage initiation and propagation 
since tensile failure predominantly occurred in the 
experimental research. Additionally, only fracture due to 
tensile stress in the longitudinal direction of timber was 
considered. Therefore, softening behaviour and stiffness 
degradation in radial and tangential directions were 
neglected in order to optimize the calculations. The damage 
initiation and propagation criterion for failure in tension 
parallel-to-grain can be thus expressed as: 

Ft,0 (σ) = σL / ft,0 ≤ 1  (4) 

where σL– tensile stress parallel-to-grain of damaged 
material and ft,0–tensile strength in bending. 

Once a damage initiation criterion is satisfied, further 
loading will cause degradation of material stiffness 
coefficients. Reduction of stiffness coefficients is controlled 
by damage variables that have values between zero 
(undamaged state) and one (fully damaged state). Damage 
variable dt,i is expressed as:   

dt,i=1 - σL / ft,0  (5) 

The evolution of each damage variable in the post-
damage initiation phase is governed by an equivalent plastic 
displacement (Fig. 6). The equivalent plastic displacement 
for a failure mode is expressed as: 

upl= L (εpl - ε0,pl)  (6) 

where εpl– strain of damaged material, ε0,pl– strain at the 
onset of damage and L– characteristic length of the finite 
element. 
 

 

 

Figure 5: Stress-strain curve for timber 
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Damaged material is implemented as a relation of 
damage variable d and equivalent plastic displacement upl, 
as shown in Fig. 6. Damage variable dis specified directly as 
a tabular function of equivalent plastic displacement upl, 
represented by a series of points on the diagram. 

3 Results and discussion 

Results obtained from the numerical model were verified 
through the comparison with the experimental test results. 
The global responses of the beams in terms of load versus 
mid-span deflection are shown in Fig. 7. 

Linear load-deflection behaviour was recorded 
experimentally in the case of unreinforced glulam beams 
(Series A), as can be seen in Fig. 7. Failure was caused by 
excessive tensile stresses in bottom laminations. This failure 
mode is generally brittle and sudden without signs of 
compressive plasticization at the top. Failure was mostly 
initiated at defects or discontinuities (e.g. knots), which were 
located in the zone of maximum bending moment between 
load application points. Behaviour predicted by the finite 
element model for unreinforced beams was entirely linear 
elastic up to failure and demonstrates good agreement with 
experimentally determined behaviour. 

Glulam beams reinforced with CFRP plate (Series F) 
demonstrated significant nonlinear load-deflection behaviour 
(Fig. 7). The most frequent failure mechanism of these 
beams included two stages: local failure at timber lamination 
below the reinforcement and global failure above the 
reinforcement. After the initial linear-elastic behaviour, load 
resistance decreased sharply due to tensile/bending failure 

of the bottom lamination below the reinforcement (evident as 
a sudden drop in the load-deflection curve). As the 
reinforcement remained in position, the beams continued to 
carry the load in the same way as beams reinforced at the 
intrados surface (with reduced cross-section and increased 
reinforcement percentage) which resulted in nonlinear load-
deflection behaviour. Load increased up to a subsequent 
global tensile/bending failure in laminations above the CFRP 
plate. Failure in the tension zone was accompanied by 
pronounced shear cracks that extended along the timber-
reinforcement interface and/or through timber laminations 
above the reinforcement (Fig. 8a). Compression wrinkles 
were clearly visible in the top laminations, but the failure did 
not occur in the compression zone (Fig. 8b). Horizontal shear 
failure after partial cracking of timber lamination below the 
reinforcement. It was caused by a wood defect that manifests 
as tangential separation of the wood fibres along parts of the 
annual rings (ring shake). In addition, one beam had a 
premature tension failure initiated in the lamination above the 
reinforcement caused by a large knot. Due to the brittle 
nature of the timber's behaviour in tension and shear, these 
two beams failed suddenly, without visible warning signs 
before reaching ultimate load carrying capacity. The 
influence of different failure mechanisms of reinforced beams 
on the deflection values is significantly higher than on the 
maximum load values. The effectiveness of the 
reinforcement is mainly conditioned by the wood defects. A 
higher degree of reinforcement activation introduces 
nonlinearity into the global behaviour of the beams and 
enables less brittle failure compared to the unreinforced 
beams. 

 

 

Fig. 6. Stress-strain curve transformation to damage variable-effective plastic displacement 

 

Fig. 7. Load-deflection curves for unreinforced (Series A) and reinforced (Series F) beams 
 

  

d = 0 0 < d < 1 

E0 
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Fig. 8. Failure mode of reinforced beams: a) global tensile failure in laminations above CFRP plate; b) compression wrinkles 
in top laminations 

 

 
FEM model of reinforced beams replicated the behaviour 

of experimentally tested specimens, including the failure in 
two stages: local failure in the timber lamination below the 
CFRP plate and global failure in the timber lamination above 
the CFRP plate. Once the first stage failure happened, the 
bottom lamination was excluded from the further analysis 
and rest of the beam continued carrying the load until the 
global failure. Nonlinear behaviour of beams before global 
failure was recorded in the numerical model, confirming the 
FEM model to be accurate past the linear-elastic range. 

The normal stress distributions in the reinforced beam 
obtained from the numerical analysis are given in Figs. 9a 
and 10a.The area of maximum stresses, which corresponds 
to the bending moment diagram, can be clearly seen. In the 
first stage (before the failure of the timber lamination below 
the reinforcement), the distribution of normal stresses is 
almost identical in the tension and compression zones. The 
normal stresses increase with distance from the cross-
section’s centre of gravity, with the maximum normal stress 

occurring at the soffit of the beam. The tensile fracture in the 
lamination below the CFRP platewas determined by the local 
deformation in the area under the steel plate where the load 
was applied. Due to the plasticization of the compression 
zone, within the second stage (after the failure of the timber 
lamination below the reinforcement), distribution of normal 
stresses is not uniform. Reaching the ultimate tensile stress 
in the timber lamination above the reinforcement leads to the 
global failure of the reinforced beam. 

The normal stress distributions in the CFRP plate of the 
reinforced beam are uniform along the entire length, as seen 
in Figs. 9b and 10b.The results of the numerical analysis 
show that the plate capacity is generally underutilized in the 
linear region of the beam’s behaviour (first stage). After the 
plasticization in the compression zone (second stage), the 
degree of CFRP plate utilization is somewhat higher. The 
calculated maximum tensile stress in the plate at the ultimate 
load of reinforced beam was less than 40% of its tensile 
strength. 

 

 

 

Fig. 9. Tensile stress σ11 (MPa) atthe moment of local failure of the reinforced beam: a) in glulam; b) in CFRP plate 

 

 

 

Fig. 10. Tensile stress σ11 (MPa) at the moment of global failure of the reinforced beam: a) in glulam; b) in CFRP plate 

a) b) 

a) b) 

a) b) 
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The results of experimental tests and numerical 
modelling in regard to ultimate load capacity, mid-span 
deflection at failure, and elastic bending stiffness, are 
summarized in Table 3. The effect of reinforcement on the 
ultimate load-carrying capacity, stiffness and deformability is 
clearly demonstrated. The last column compares the model's 
results with the average experimental results. 

 
Table 3. Experimental and numerical results 

Test series Exp. FEM FEM/Exp. (%) 

Maximum load (kN) 

Series A 
37.9 

(CV = 12.1 %) 39.0 2.9 

Series F 
46.4 

(CV = 9.3 %) 47.6 2.7 

Maximum mid-span deflection (mm) 

Series A 
59.9 

(CV = 10.0 %) 61.7 3.0 

Series F 
95.3 

(CV = 25.2 %) 113.9 19.5 

Bending stiffness EI (× 1011 Nmm2) 

Series A 
6.46 

(CV = 7.7 %) 6.53 1.1 

Series F 
7.28 

(CV = 6.2 %) 7.12 –2.2 

CV – Coefficient of variation  
 

Numerical and experimental values of load-carrying 
capacity are very close with a difference of approximately 3% 
for both unreinforced and reinforced beams. In both cases, 
the predicted value of the maximum load was higher than the 
experimental value. It was anticipated that the results would 
differ even more when knots and other timber defects were 
taken into account. 

The FE model predicted stiffness values agree well with 
those experimentally determined, with differences of about 
2%. This small deviation proves the uniform quality of the 
laminations. Given that agreement is strong, it is confirmed 
that the assumption of perfect adhesion between the CFRP 
and timber is valid.  

The mid-span deflection values show satisfactory 
compatibility for unreinforced beams. However, the 
numerical and experimental values of the mid-span 
deflection at failure show a noticeable difference of about 
20% for Series F. The cause of this deviation is variability in 
the experimentally recorded fracture patterns of the beams. 
If two reinforced beams, which did not have characteristic 
failure mechanisms in two stages, are omitted from the 
experimental analysis (premature tensile failure – Beam F2 
and shear failure – Beam F3), the obtained numerical value 
of deflection is lower than the experimental one, with better 
agreement of results (difference of 4.0%). 

Fig. 11 illustrates the comparisons of experimental and 
numerical strain profiles at mid-span for different load 
levels.Strain distribution in mid-span across the height was 
linear until failure in the case of unreinforced beams. Tensile 
and compressive strains were almost identical at different 
load levels. The position of the neutral axis remained 
unchanged as the load increased, which proved there was 
no plasticization in the compression zone. 

For the reinforced beams linear strain distribution across 
the height was observed in the elastic region. Neutral axis 
moved towards tension zone due to contribution of the CFRP 
plate. After failure of bottom lamination, neutral axis shifted 
upwards. No significant variation of neutral axis position was 
recorded as the applied load increased and plasticization in 
compression zone occurred. A non-linear strain distribution 
prior to global failure was noticed. In addition to improvement 
in tension strains, strain results demonstrated that timber 
compressive properties were better utilized when CFRP 
reinforcement was included in the tension zone. 

Good agreement of the results is achieved from the 
simulated strain profiles for both sets of beams. The 
difference that exists between numerical predictions and 
experimental values is a result of an average timber modulus 
of elasticity being used for each lamination, when actually 
each lamination is inhomogeneous and material properties 
of timber vary throughout. Also, the reason for deviations in 
the nonlinear region can be explained by the assumption in 
the numerical analysis that plane sections remain plane after 
plastic deformation. 

 

 

 

Fig. 11. Strain profiles at different load levels for unreinforced (Series A) and reinforced (Series F) beams 
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5 Conclusions 

The effectiveness of FRP reinforcement of timber 
members has been proven through various studies.In order 
to better understand mechanical performance of CFRP plate 
reinforced glulam beams, a nonlinear finite element model 
was developed. Finite element modelling approach 
implemented in this paper was based on elasto-plastic and 
orthotropic characteristics of timber, Hill’s plasticity criterion 
and progressive damage model to account for softening 
behaviour of timber in tension. Numerical predictions 
confirmed previousexperimental research. 

Proposed FE models simulated experimentally obtained 
load-deflection curves and failure modes for both 
unreinforced and reinforced glulam beams. Numerical model 
demonstrated linear load-deflection behaviour and brittle 
tensile failure in bottom laminations of unreinforced beams. 
Predicted model for reinforced beams replicated failure in 
two stages:local failure of timber lamination below the 
reinforcement and global failure of the beam above the 
reinforcement, with significant nonlinear load-deflection 
behaviour. The progressive damage modelling has the ability 
to predict nonlinear response of reinforced beams 
accurately. 

Good agreement between numerical and experimental 
data was found for bending stiffness, ultimate load-carrying 
capacity and mid-span deflection at failure. Numerical results 
demonstrated that adding the CFRP plate in the tension zone 
of the section improved the ultimate load-carrying capacity, 
stiffness and ductility of glulam beams. Furthermore, the 
strain profile distributions predicted by the FE models agreed 
well with the experimental findings. The assumption of plane 
sections is acceptable for glulam beams reinforced with 
CFRP composites. 

The proposed numerical approach proved to be helpful 
in analysing test results and improving comprehension of 
stress and deformation states in timber and reinforcement. 
The developed model is easily adjustable to different loading 
configurations, beam dimensions and material properties. 
Therefore, it is a valuable tool that can be used to optimise 
the design of timber beams reinforced with FRP plates, 
including determination of optimal reinforcement percentage 
and arrangement. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

The high-volume limestone powder concrete (HVLPC) is one of the potential CO2 
mitigation strategies within ready-mixed concrete sector. As with other low-clinker 
concretes, its durability related properties, carbonation resistance especially, could 
present a problem in the structural applications. This work deals with the influence 
of the water-curing time on the carbonation initiation period of HVLPC. An 
experimental campaign was designed which included various curing times, from 1 
day to 28 days. Beside the reference mix (ordinary Portland cement concrete - 
OPC), HVLPC mixes with three different percentages of limestone powder (LP) in 
the powder phase (47%, 58% and 65%), and with two different LP particle size 
distributions within each group, were designed to have similar compressive 
strength. All mixes were tested under accelerated and natural carbonation 
conditions. Test results showed significant impact of the curing time on the HVLPC 
carbonation resistance, but different from OPC. The Model Code 2020 prediction 
model was tested against test results and it was found that it largely overestimated 
the impact of curing duration for short curing times (1 and 3 days), while 
underestimated this impact for 14 and 28 days of curing. New expression for the 
execution transfer parameter kc was proposed based on the own experimental 
results. 
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1 Introduction 

In a pure mass-flow sense, concrete is by far the largest 
human-made product. Some research showed that human 
made mass, with concrete and aggregates making its large 
majority already exceeded all living biomass on Earth [1]. 
According to Global Cement and Concrete Association 
GCCA [2], 14 billion m3 of concrete was produced in 2020. 
Global average of CO2 emissions per tonne of cement varied 
between 0.6-0.7 tonnes in 2020 depending on the source, 
including energy related emissions [3-4].  If global yearly 
cement production is about 4.1 Gt, cement production emits 
approximately 2.7 Gt of CO2 per year.  This made about 7% 
of total CO2 anthropogenic emissions in 2022, which were 
about 40 Gt according to [5]. 

About two-third of CO2 emissions [6] in cement 
production originates from the decomposition of limestone 
(calcination) and the rest is associated with energy use. 
Because of that, cement industry is considered one of the 
most difficult to decarbonize as decarbonisation of the 
energy supply will not eliminate the unavoidable CO2 
emissions from calcination [7]. 

There are multiple ways of reducing CO2 emissions from 
cement and concrete production. Savings in cement content, 
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including the clinker substitution with so-called 
supplementary cementitious materials (SCM), is one of 
them. However, it is expected that global availability of the 
most widely used SCMs, fly ash (FA) and blast furnace slag 
(BFS), will decrease in near and medium term.  FA comes 
from coal power plants and BFS from the steel industry’s 
blast furnaces and these industries are also transitioning [8]. 
Therefore, other suitable materials must be looked for. 
Limestone is currently also used as SCM but in small 
quantities. Since it is abundantly available all over the world, 
the attempt was made in previous research to increase the 
participation of the limestone powder in the binder content 
and therefore to reduce CO2 emissions from cement and 
concrete production. 

Concrete with high amount of the limestone powder (over 
35% in the powder phase) is called high-volume limestone 
powder concrete – HVLPC. Previous research showed that 
it was possible to achieve the HVLPC mechanical properties 
required for the structural concrete, if optimisation of the 
paste composition, improved particle packing and lowering 
the water content were applied [9-12]. However, the 
carbonation resistance remained significantly lower 
compared with reference clinker-based concrete due to 
lower alkalinity and higher porosity of HVLPC [13-17]. 
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Prediction models developed for carbonation initiation period 
of clinker-based concrete are not directly applicable to 
HVLPC, as shown by [17, 18].  

Radović et al. [17] proposed modification of the Model 
Code 2010 [19] prediction model for the carbonation depth 
calculation in the initiation period. The proposed relationship 
between inverse effective carbonation resistance under 
natural and accelerated conditions was based on the 
statistical analysis of experimental results, own and available 
in literature. However, the authors assumed that curing 
impact (kc) proposed in the Model Code 2010 equation was 
valid for the HVLPC as well. This assumption has to be 
experimentally verified since curing type and time can 
differently affect the carbonation initiation period in HVLPC 
[20]. The problem was rarely investigated in the previous 
research and the only experimental results found in literature 
were those reported in [21]. However, the authors tested 
concretes with up to 30% cement replacement with 
limestone powder (LP), which cannot be considered as 
HVLPC.  

The objective of this work was to experimentally 
determine the impact of the curing time on the HVLPC 
carbonation resistance, and to propose the empirical 
equation for the execution transfer parameter kc within the 
Model Code 2020 (MC 2020) [22] carbonation initiation 
model. For that reason, an experimental campaign was 
designed which included various water-curing times, from 1 
day to 28 days. Beside the reference mix (ordinary Portland 
cement concrete - OPC), HVLPC mixes with three different 
percentages of LP in the powder phase (47%, 58% and 
65%), and with two different LP particle size distributions 
within each group, were designed to have similar 
compressive strength. All mixes were tested under 
accelerated and natural (420 days, indoor) carbonation 
conditions. 

2 Experimental procedures 

2.1  Component materials and concrete mixture proportions 
 
For this experimental campaign, Ordinary Portland 

cement CEM I 42.5R [23] with corresponding mean particle 
size of d50 = 11.1 μm (Figure 1) was used. The density of 
cement was approximately 3100 kg/m3.  The effect of 
limestone fineness was evaluated using two high-purity LPs, 
with the same chemical composition (98% CaCO3 content, 

meeting the EN 197-1 [23] requirements), but different 
particle size distributions. Determination of particle size 
distribution was done by laser diffraction method. Limestone 
powder L12 had a particle size distribution (d50 = 11.7 μm) 
similar to OPC, while limestone powder L3 contained much 
finer particles (d50 = 2.9 μm), Figure 1. The densities of L3 
and L12 were about 2720 kg/m3 and 2690 kg/m3, 
respectively. 

Locally available river aggregate, divided into three 
fractions I (0-4 mm), II (4-8 mm) and III (8-16 mm) was 
applied. The participation of each fraction in the total 
aggregate quantity (Table 1) was 52%, 21%, and 27% 
respectively. The workability of fresh concrete was controlled 
by adjusting the dosage of a polycarboxylate-based 
superplasticizer.  

The target workability class for all mixtures was S4 or S5, 
with a required slump of ≥ 200 mm, as specified in EN 206-
1 [24]. To achieve a meaningful comparison of the results, 
the target compressive strength was set at fcm,cube = 50±5 
MPa, determined using 100 mm cube specimens. This 
strength range aligns with widely used concrete classes 
C25/30 and C30/37 according to Eurocode 2 [25]. By 
selecting this compressive strength, the study ensures that 
the tested mixtures reflect typical structural concrete 
applications, allowing for a realistic evaluation of 
performance. The chosen strength classes also facilitate 
direct comparisons with existing standards 
recommendations for commonly used concrete mixtures in 
construction practice. 

Mixtures proportions were determined by the absolute 
volume method. In the reference mixture, the cement content 
was 334 kg/m³, and it was partially replaced by 30%, 45%, 
and 55% using each of L3 and L12 limestone powder 
respectively. To ensure that the compressive strength 
remained within the desired target range, it was necessary 
to reduce the water-to-cement (w/c) ratio in mixtures 
incorporating limestone powder. This reduction resulted in a 
lower volume of cement paste, requiring an adjustment in the 
mixture composition. Consequently, a greater amount of 
limestone powder was added compared to the quantity of 
cement replaced, in order to compensate for the volumetric 
changes and maintain the overall performance of the 
concrete. The mixture proportions of the tested concretes are 
presented in Table 1. The mixture designation consists of the 
type of limestone powder (L3 or L12) and its mass percentage 
in the total powder phase (cement + limestone) of the 
concrete, which were 47%, 58%, and 65%. 

 

 

Figure 1. Particle size distribution of cement and limestone powders 
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Table 1. Proportions of concrete mixtures 

Concrete 
mix 

mc 

[kg/m3] 
mLS 

[kg/m3] 
mw 

[kg/m3] 
w/c 
[–] 

Aggregate 
[kg/m3] 

SP 
[kg/m3] 

OPC 334 0 171 0.51 1874 3.30 

L3-47 230 200 143 0.62 1847 6.45 

L12-47 230 200 143 0.62 1846 6.45 

L3-58 182 252 127 0.70 1868 8.60 

L12-58 182 252 127 0.70 1866 8.60 

L3-65 153 285 114 0.75 1883 8.60 

L12-65 153 285 114 0.75 1881 8.60 

 

 
2.2  Preparation, casting, curing, and testing of concrete 

specimens 
 
The mixing process for each concrete mixture lasted a 

total of five minutes. After verification of the workability with 
a standard slump test [26], the concrete was cast into moulds 
and compacted immediately after placing. The specimens 
were then covered with a plastic sheet to prevent moisture 
loss and stored in the laboratory environment. After 24 hours, 
the specimens were demoulded and subjected to five 
different curing conditions for a period of 28 days. The curing 
conditions are identified by numbers corresponding to the 
duration of standard curing (1, 3, 7, 14, and 28 days), as 
defined in [26]. A detailed description of these curing 
conditions is provided in Table 2. 

Compressive strength at 28 days was tested on 100 mm 
cubic samples, following the EN 12390-3 [27], using three 
cubes for each mixture and each curing condition.  

The carbonation resistance was assessed using 
120×120×360 mm prismatic specimens, with two prisms 

prepared for each mixture. After completing the 28-day initial 
curing (as described in Table 2), the specimens underwent 
an additional 14-day conditioning in a climate chamber at 
20±2°C and 65±5% relative humidity, to ensure uniform 
moisture distribution before carbonation exposure. Following 
this period, the prisms were halved, with one half exposed to 
accelerated carbonation and the other half used for a natural 
carbonation test. The accelerated carbonation test was 
conducted in a carbonation chamber under controlled 
conditions of 2% CO2, 20±2°C, and 65±5% relative humidity 
for 28 days. In contrast, specimens designated for natural 
carbonation were stored under laboratory conditions (Figure 
2) for 420 days to simulate long-term environmental 
exposure. The mean values and standard deviations of the 
laboratory environment parameters (relative humidity, 
temperature, and CO2 concentration) are detailed in Table 3. 
The final carbonation depth, for both accelerated and natural 
carbonation, was determined as the average of eight 
measurements taken on each side of each prism, in 
accordance with EN 14630 [28]. 

 

Table 2. Curing conditions 

Curing period   Curing (1d) Curing (3d) Curing (7d) Curing (14d) Curing (28d) 

1 day Mould Mould Mould Mould Mould 

1-3 days Air*  Water Water  Water  Water  

3-7 days Air Air Water Water Water 

7-14 days Air Air Air Water Water 

14-28 days Air Air Air Air Water 

*Air – laboratory-controlled environment (20°C, 65% RH); Water (20°C) 
 

 

Figure 2. Natural environmental conditions during testing 
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Table 3. Mean values and standard deviations of environmental conditions 

 Temperature [°C] Relative humidity [%] CO2 [ppm] 

Mean 21.8 67.1 440 

St. deviation 2.3 2.8 70.5 

 
 
3 Results and discussion 

The compressive strengths measured at 28 days for cube 
samples (fcm,cube) and calculated for cylinder samples (fcm,cyl), 

for concrete mixes cured under various conditions, are 
presented in Table 4. 

 
Table 4. Measured properties of tested concrete mixtures 

Mixtures Curing period 
[days] 

fcm,cube 
[MPa] 

fcm,cyl 
[MPa] 

OPC 1 49.8 37.4 

 3 52.4 39.3 

 7 52.9 39.7 

 14 51.1 38.3 

 28 50.1 37.6 

L3-47 1 52.3 39.2 

 3 51.3 38.5 

 7 55.4 41.6 

 14 55.9 41.9 

 28 50.2 37.7 

L12-47 1 52.9 39.7 

 3 53.6 40.2 

 7 55.8 41.9 

 14 55.7 41.8 

 28 50.2 37.7 

L3-58 1 50.7 38.0 

 3 54.1 40.6 

 7 54.6 41.0 

 14 53.4 40.1 

 28 44 33.0 

L12-58 1 48.3 36.2 

 3 50.3 37.7 

 7 54.3 40.7 

 14 52.4 39.3 

 28 47.8 35.9 

L3-65 1 56.1 42.1 

 3 57.4 43.1 

 7 57.9 43.4 

 14 61.6 46.2 

 28 51.8 38.9 

L12-65 1 46.0 34.5 

 3 47.5 35.6 

 7 51.2 38.4 

 14 49.4 37.1 

 28 45.4 34.1 

 

76



Impact of the water-curing time on the carbonation initiation period of high-volume limestone powder concrete 

Building Materials and Structures 68 (2025) 2500004R 

The results showed that there was practically no 
difference in compressive strength of HVLPC mixes with 
different fineness of LP (the differences were within 0.6%) for 
L-47 and L-58 concretes. In mixes with the highest LP 
content (L-65), limestone powder with higher fineness 
provided higher compressive strength. The increase of 
compressive strength was 20% (mixes with L3 compared to 
mixes with L12 powder which is similar to cement). Except for 
the L12-65 mix, the compressive strengths of the HVLPC 
mixes were similar to those of the reference OPC concrete. 
For all samples cured in water for 28 days, the measured 
compressive strengths varied between 45.4 and 51.8 MPa, 
aligning with the initial hypothesis of producing concrete 
mixes with consistent strength of 50±5 MPa. The only 
concrete that had strength lower than 45 MPa was L3-58, 
whose strength was 44 MPa for samples cured for 28 days 
in water. However, all samples of this concrete cured for less 
than 28 days had strength greater than 50 MPa. 

The 7 days curing period had a beneficial impact on the 
achieved compressive strength values, with longer curing 
period leading to lower compressive strengths. Concrete 
mixes cured in water for 28 days exhibited the lowest 
compressive strength compared to all other curing regimes. 
This outcome may be attributed to the increased amount of 
water absorbed by the concrete, which remained within the 
material at the time of testing under compressive load. The 
retained water, when subjected to external pressure, 
generates internal stresses and water vapor pressure, which 

ultimately reduces the fracture toughness of the concrete. 
Similar conclusions were reached in the study [29]. It is 
assumed that complete drying of samples cured in water for 
28 days would result in greater compressive strength 
compared to alternative curing methods. As for curing time 
of 14 days, all concrete mixes showed compressive 
strengths approximately equal to those of concrete mixes 
cured for 7 days in water, with the exception of the L3-65 mix. 

As observed, curing had a more pronounced influence on 
the development of compressive strength in the HVLPC than 
in the OPC concrete. Among the HVLPC mixes, the curing 
regime's contribution to strength development appeared 
independent of the fineness of the LP. Additionally, variations 
in curing conditions did not significantly affect the rate of 
strength gain of the tested concretes.  

Measured carbonation depths under accelerated (ACC) 
conditions after 28 days of exposure and natural (NAC) 
conditions after 420 days of exposure, along with the 
relationships between carbonation depth and water-curing 
period for all concrete mixtures, are shown in Figures 3 and 
4. It can be seen that with increasing the water-curing period, 
the carbonation depth decreases. However, the effect of 
curing was smallest with the reference OPC concrete (17%). 
As for HVLPC mixes, the impact of water-curing duration 
increased with the LP content increase in both accelerated 
and natural conditions. The trend was similar for both types 
of LP. What however is interesting is that the mixes with 47%  

 

 

Figure 3. Measured carbonation depths under accelerated (ACC) and natural (NAC) conditions for different curing periods 
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Figure 4. The relationship between the carbonation depth and water-curing period 
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and 58% of finer LP had generally higher carbonation depths 
compared with those mixes made with coarser LP for all 
curing periods. Only the L-65 mix with finer LP had lower 
carbonation depths under natural conditions (the 
carbonation depth of L3-65 was 13%-19% lower compared to 
L12-65, depending on the curing duration). This is in contrast 
to the results published in [29], where concrete mixes with 
finer LP had a lower carbonation depth. 

In all cases, the HVLPC mixtures had lower carbonation 
resistance compared to the reference OPC concrete, 
although the compressive strength was generally similar or 
higher. The only mixture that had higher resistance was L12-
47, which had a 7% lower carbonation depth. Although the 
proposed mix design method – characterized by low water 
content and high plasticizer dosage – successfully 
maintained compressive strength, the issue of low alkaline 
reserve persisted, resulting in reduced carbonation 
resistance. Nevertheless, the test results demonstrated that 
it is feasible to design concrete mixes that meet both high 
workability and strength requirements for commonly used 
strength classes, using as little as 153 kg/m3 of cement. 
However, HVLPC mixes had up to 40% greater carbonation 
depth in natural conditions compared to OPC, for standardly 
cured samples of 28 days. Generally, the measured 
carbonation depths after 420 days correspond to the 
expected values that can be found in the literature for these 
types of concrete [18]. 

In order to examine the influence of water-curing period 
on the HVLPC carbonation resistance, the MC 2020 [22] 
carbonation depth prediction model was applied. This model 
includes execution transfer parameter (kc) that takes into 
account concrete curing period: 

cb

c
c

t
k 








=

7
  (1) 

where tc is the period of moist curing (days), while bc is 
exponent of regression with mean value equal to -0.567 and 
standard deviation equal to 0.024 (normal distribution). 
However, this exponent was calibrated on the ordinary and 

blended cement based concretes [30]. For concretes with up 
to 30% cement replacement with LP, this relationship was 
tested by Lollini & Redaelli [21], suggesting that this 
exponent should be -0.10. This relationship was evaluated 
as well for concretes tested in this research, i.e. concretes 
with more than about 50% in the powder phase.  

In order to evaluate the relationship (1) for the tested 
HVLPC mixes, it was necessary to determine the coefficient 
kc experimentally. This was done based on the measured 
values of natural carbonation depths of concretes cured for 
different curing periods kc,t: 

, ,

,

, ,

c t c t

c t

c ref c ref

x k
k

x k
= =   (2) 

where 
xc,t carbonation depth of concrete water-cured for time t 
xc,ref carbonation depth of concrete water-cured for 7 days 
kc,t execution transfer parameter for concrete water-

cured for time t 
kc,ref execution transfer parameter for concrete water-

cured for 7 days, kc,ref  = kc,7 = 1 
Using the previously defined relationship (2), the 

coefficients kc for OPC and HVLPC mixes were calculated 
based on the measured carbonation depths under natural 
conditions. Figure 5 shows the relationship between the 
execution transfer parameter (kc) and duration of water-
curing. In addition to the experimental results, the figure 
shows the MC 2020 relationship and Lollini & Redaelli [21] 
proposal as well. 

The relationship between kc and tc in the form: 

0.281

7

c

c

t
k

−

 
=  
 

  (3) 

fits well the test results for all HVLPC mixes, regardless 
of the content and fineness of LP (R2 = 0.88). The MC 2020 
expression for kc largely overestimates the impact of water-
curing duration for short curing times (1 and 3 days), while 
underestimates this impact for 14 and 28 days of curing. The 

 

 

Figure 5. Relationship between execution transfer parameter (kc) and water-curing period (tc) 
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MC 2020 prediction behaves even worse for the tested OPC 
mix. This is probably the consequence of the calibration of 
this parameter on the mixes made with both OPC and 
commercial blended cements, which gave a large scatter of 
results, especially for curing periods of 1 and 3 days [31]. On 
the other hand, Lollini & Redaelli [21] proposal made 
originally for mixes with up to 30% of the LP fits well the OPC 
mix test results, suggesting that such mixes behaved 
similarly to OPC concrete. Having in mind that only one OPC 
mix was tested in this research, this is only a remark, not the 
conclusion.   

4 Conclusions 

The results of the experimental testing of the 
compressive strength and carbonation depth (under 
accelerated and natural conditions) of reference OPC mix 
and six different HVLPC mixes were presented. All mixes 
were water-cured for 1, 3, 7, 14, and 28 days, and for each 
curing period compressive strength and carbonation depth 
were determined. Following conclusions were drawn: 

- the compressive strength at 28 days of all mixes varied 
between 44 MPa and 51.8 MPa (i.e. between 33 and 39 on 
cylindrical specimens); 

- except for the L12-65 mix, the compressive strengths of 
the HVLPC mixes were similar to those of the reference 
OPC concrete for all curing periods; 

- among the HVLPC mixes, the impact of the curing 
regime on the strength development appeared independent 
of the fineness of the LP; 

- with prolonging the water-curing period, the carbonation 
depths of all mixes decreased, i.e. carbonation resistance 
increased; 

- impact of the water-curing period on the carbonation 
resistance is much more pronounced for the HVLPC mixes 
than for the reference OPC mix; 

- impact of the water-curing duration slightly increased 
with the LP content increase in both accelerated and natural 
conditions regardless of the LP fineness; 

- the MC 2020 expression for the execution transfer 
parameter kc is hardly applicable to HVLPC for all tested LP 
contents and fineness. 

The new expression for the execution transfer parameter 
kc, which describes the effect of the water-curing time on the 
HVLPC carbonation resistance, was proposed. The 
conclusions and the proposal are limited to experimental 
results obtained within this research. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

The determination of seismic behavior is a major issue concerning civil engineers 
nowadays. The development of computer systems has led to an increasing use of 
various analytical approaches for determining the seismic response of buildings and 
structures. 
This study employs the Capacitive Spectrum Method (CSM) as an indirect approach 
to calculate fragility curves. In it, the capacity of the structure is represented by the 
so-called capacity curve which shows the relationship between force and 
displacement and thus represents the expected response for a given seismic load.In 
this procedure, the seismic excitation is represented by the 5% elastic response 
spectrum for the respective location and return period of the seismic input. 
The Capacitive Spectrum Method (CSM) is based on a direct graphical comparison 
of the structural capacity (capacitive curve) with the required reduced elastic 
demand spectrum. 
In the current paper, the seismic capacity and fragility curves for the integral bridge 
case study were developed. 
The so-called fragility models and the relative probabilities of reaching four levels of 
damage are defined. These curves are used to develop loss models of the built 
environment. The discrete damage probabilities can be used as input data for 
determining and estimating various losses and damages in structures. 
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1 Introduction 

Today's engineering practice primarily uses numerical 
analyses to calculate the seismic capacity of civil structures. 
There are different options for representing both the 
structural model and the seismic motion/load. In this study, 
the structure of a reinforced concrete road integral bridge 
was analyzed using the “Finite Element Method” (FEM) and 
a group of nonlinear static analyses, taking into account the 
interaction with the ground base. The nonlinear static 
analysis gives a good idea of the failure mechanism 
(plastification zones) of structures loaded with horizontal 
loads. Its advantage over dynamic analysis is the 
significantly reduced computational time due to ignoring the 
dynamic part of the equation of motion. This type of analysis 
estimates the ultimate limit capacity of the structure well, but 
it fails to represent the development of damage at a different 
time from the seismic input. 

More advanced methods need detailed analyses and 
better models, take more time, and are used to calculate 
individual structures, usually after simpler methods like 
screening procedures or for potentially dangerous facilities. 
They are not suitable for large earthquake projects where 
many structures need to be calculated.. Although fragility 
curves and probability damage matrices have traditionally 
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been derived using observed data, recently there have been 
proposals to compile them using computational analyses. In 
this way, some of the shortcomings of empirical methods are 
overcome. 

The Capacity Spectrum Method (CSM) is a modern 
method for determining the seismic behavior of a given 
structure for earthquakes of different intensities. Its use is 
increasingly gaining ground among practicing engineers due 
to a number of advantages it possesses. With the help of this 
method, the nonlinear behavior of structural elements in a 
given structure is more easily described. The method was 
first introduced in the document ATC-40 [1], and was 
subsequently slightly modified in FEMA-440 [2]. By means of 
the corresponding procedures, the response of a structure 
during a seismic action can be represented in a simple way. 
The Capacitive Spectrum Method (CSM) is based on a direct 
graphical comparison of the structural capacity (capacitive 
curve) with the required reduced elastic demand (seismic) 
spectrum. 

This method assumes that the total maximum number of 
movements (both elastic and inelastic) of a complex system 
can be figured out by looking at the elastic response of a 
simpler system with just one degree of freedom, even though 
this simpler system has a different period and damping than 
the original. For the calculation of the effective damping βeff 
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and appropriate reduction factors, it is necessary to 
represent the capacitive curve by its bi-linear approximation. 
Following the procedure from [1], the so-called “behavior 
point” of the studied structure for the selected seismic action 
is calculated. 

In analytical methods, the development of damage in 
structural elements is obtained through static or dynamic 
nonlinear analysis. 

The present study is a continuation of the previously 
calculated capacity curves [7] for the same reinforced 
concrete integral bridge. In the original work, nonlinear static 
analysis of the case study bridge were analyzed and push 
over curves based on different procedures in both horizontal 

directions were developed. In the present paper, the 
previously published results [7] are transformed in spectral 
displacement/acceleration format and a response 
assessment is made for a given seismic excitation. 

2 Description of the case study concrete bridge 

The case-study is a girder reinforced concrete frame 
bridge in straight and unsloped direction. The bridge consists 
of 3 spans and a total length of 40 m, Fig. 1. In the transverse 
direction, the bridge is 8.8 m in size, Fig. 2. The average height  

 

 
Fig. 1. Longitudinal and plan view of the bridge 

 

Fig. 2. Cross section of the middle span superstructure 
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of the columns is 6 m, and their diameter is 1.2 m. In the 
middle span (24 m) the longitudinal beams of the 
superstructure are prestressed. They are of the GT type and 
are 95 cm high. In the end spans, the superstructure is slab-
shaped. A cross-section in the middle span of the overpass 
is shown in Fig. 2. The foundation is in a type C soil 
foundation, using cast-in-place piles with a diameter of 120 
cm and a length of 22 m. The structure is designed with a 
significance factor of 1.4 and a behavior factor of 1.5. For 
loading from moving traffic, the LM1 load model [8] was 
adopted. 

3 Assessment of the seismic response 

To determine the seismic behavior (so-called performance 
point), it is necessary to present the capacitive spectrum and 
the demand (seismic) spectrum in the same format. The 
original nonlinear static push-over curve (Figure 3) was 
converted into the spectral displacement - spectral 
acceleration format. This transformation is done using the 

previously determined dynamic characteristics of the 
structure under study. 

The intersection of the two spectra gives the so-called 
"performance point", which represents the response of the 
structure under study to the perceived seismic input 
(demand/seismic spectrum) - Fig. 4. In this case, the 
response of the structure is represented by the spectral 
displacement parameter - Sd .Subsequently, the fragility 
model is given for PGA earthquake parameter, since it gives 
a better applicability (“sense”) for further risk assessments. 
The numerical calculation of reduction coefficients in ATC-40 
[1] is performed using formulas (1) and (2). 

 

 (1) 

 
 (2) 

 

 

Fig. 3. Previously calculated push-over curve [7] 
 

 

 

Fig. 4. Assessment of the performance point with CSM 
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For the initially selected point and the corresponding 
values for ay, dy, api dpi a βeff value of 18% has been 
calculated. This corresponds to reduction factors SRA=0.59 
and SRV=0.69, which reduce the initial demand elastic 
spectrum of the seismic action. Its intersection with the bi-
linear capacity curve gives the temporary “behavior point” 
a,int/d,int– Fig. 5. 

After  lowering the demand (seismic) spectrum and 
intersecting it with the capacity spectrum, it should be 
determined whether the initially accepted behavior point ap/dp 
and the calculated behavior point aint/dint fulfill the 
convergence conditions. The initial point a,p1/d,p1 is 
considered suitable if it fulfills the criterion 0.95d,pi<dint< 
1.05d,pi. In this case, this requirement is not met, which is 
why a second iteration was performed with 
a,p2=1.81g/d,p2=0.04m, Fig. 6. 

4 Definition of “Damage States” 

Subsequently, for the purpose of determining conditional 
probabilities, the so-called "Damage States" are defined. 
They represent a discrete and qualitative description of the 
overall damage to structural and non-structural elements. 
Five damage levels are most commonly used: DS0 - No 
damage, DS1 – Light (Minor cracks or superficial damage to 
non-structural elements, such as surface coatings), DS2 – 
Medium (Noticeable structural damage, such as moderate 
cracking in critical components, slight deformation, or 
reduced functionality), DS3 –Severe (Significant structural 
compromise, including major cracks, deformation, or partial 
failure of key components, leading to restricted use) and DS4 
– Destruction (Complete structural failure or collapse, 
rendering the bridge unusable and requiring full 
reconstruction). 

 
 
 

 

Fig. 5. Assessment of the initial performance point for PGA=0,8g (pointapi/dpi) 
 

 

 

Fig. 6. Assessment of the performance point for PGA=0,8g (point api/dpi). Second iteration 
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The definition of damage levels (Table 1) can be done 
using the displacement values based on the capacity curve 
of the structure, [6]. 

 
Table 1. Definition of Damage States[6] 

 

Damage 

State 
Limits of the spectral displacements 

0 No damage D< 0.7*Dy 

1 Light 0.7*Dy< D < Dy+1/3*(Du-Dy) 

2 Medium Dy+1/3*(Du-Dy) < D < Dy+2/3*( Du-Dy) 

3 Severe Dy+2/3*( Du-Dy) < D < Du 

4 Destruction D > Du 

5 Definition of fragility curves 

The fragility model of a given structure (Fig. 7) consists 
of a group of fragility curves defining the conditional 
probability of reaching P[D=ds] or exceeding a certain level 
of damage P[D>ds]. 

Each fragility curve is defined by a median value of an 
impact parameter (spectral displacement) that corresponds 
to the limit of a given damage level and to the variability of 
the damage level. For example, the spectral displacementSd, 
which defines the limit for a given level (ds), is calculated by 
the formula: 

Sd=Sd,ds×εds  (3) 

where: 
Sd,dsis the median value of the spectral displacement for 

the damage level, ds; 
εdsis a lognormically distributed random variable with 

median value and logarithmic standard deviation, βds. 
From the fragility curves thus defined and the calculated 

performance points for the respective seismic excitation 
(represented by a spectral displacement response 
parameter) the conditional probabilities for reaching or 
exceeding the respective damage level can be calculated. 

For a given typology, the conditional probability of reaching 
a given level “DS” is represented by a cumulative lognormal 
function with respect to the spectral displacement at the 
corresponding "performance point". 

 
 (4) 

The fragility curves represent the distribution of damage 
at several levels of damage: Light, Medium, Severe and 
Destruction. For each given value of the spectral response, 
discrete probability values such as the difference of the 
cumulative probabilities of reaching or exceeding 
successive/related damage levels are calculated. The 
probability of reaching or exceeding different levels of 
damage for a given seismic level is 100%. Discrete 
probabilities of failures can be used for the determination and 
valuation of various losses and damages in structures. 
There are different approaches for the treatment of 
uncertainties in the determination of seismic fragility. The 
most accurate results should be obtained when analyzing 
uncertainties using statistical methods for generating 
random samples of parameter values from a 
multidimensional distribution. The sampling method is often 
used to design computer experiments. This approach is quite 
laborious and requires handling large amounts of data. For 
this reason, tables with defined values of the relevant 
uncertainties for different types of structural typologies are 
presented in a number of manuals and documents. 

Determining uncertainties in structural modeling is of 
primary importance for the probabilistic definition of seismic 
vulnerability. There are various sources of uncertainty, but 
the greatest importance should be given to uncertainties in 
the dissipation of input energy, uncertainties in the strengths 
of materials, as well as model uncertainties. Most often, 
uncertainties are described by normally distributed 
“Gaussian” functions, since they often give a very good 
representation of the distribution of the studied quantities. 

One approach to determine the variability (uncertainties) 
of fragility curves is by applying f-li (5). In this, the variability 
is given as a function of the ductility of the structure under 
study. This approach has been implemented in the RISK-UE 

 

Fig. 7. Fragility model of given structure (fragility curves) 
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project [4] and provides a quick and easy way to calculate 
uncertainties in fragility curves through nonlinear static 
analysis. 

β1=0.25+ 0.07 ln µ(u) 
β2=0.2+ 0.18 ln µ(u) 
β3=0.1+ 0.4 ln µ(u)  
β4=0.15+ 0.5 ln µ(u) 

 (5) 

Subsequently, the numerical values necessary to define 
the damage levels for the studied structure are determined. 

Sd,0<0.7*Sdy=0.7*0.0313 m=0.0125 m=>Sd,0<2,19 cm 
Sd,1>0.7*Sdy=0.7*0.0313 m=0.0125 m=>Sd,1>2,19 cm  
Sd,2=Sdy+1/3(Sdu-Sdy)=3,13+1/3(7,9-3,13)=4,72 cm  
Sd,3=Sdy+2/3(Sdu-Sdy)=1.79+2/3(7,9-3,13)=6,30 cm 
Sd,4=Sdu=0.079 m=7,9 cm 

After defining the fragility model (the group of curves), 
specific discrete values of the probabilities of damage 
occurrence due to a given seismic impact can be 
determined. In this case, the probabilities of reaching 

damage to the reinforced concrete bridge for a seismic input 
with a maximum ground acceleration PGA=0.8g have been 
determined. An input with such intensity corresponds to a 
spectral displacement of 4.0 cm. Fig. 8 presents the obtained 
relative probabilities of reaching the four levels of damage 
(light, medium, severe, destruction), through uncertainties 
determined by formulas (5). 

To have a better understanding and applicability for risk 
assessment purposes, the fragility model is also calculated 
in PGA format. This is more convenient in certain cases as 
PGA gives a direct understanding of the earthquake event. 

The performance point is calculated with a certain 
simplification for the damping (βeff) value to 5% (elastic 
response) for different earthquake levels (demand spectra). 
In reality, for higher earthquake scenarios, due to dissipation 
of the structure due to damage, the damping value will be 
higher.Its intersection with the bi-linear capacity curve gives 
the“behavior point” for four seismic levels (damage 
states)a,int/d,int– Fig. 9. 

Finally, the fragility model is calculated for four damage 
levels in terms of PGA values, Fig. 10. 

 
 

 

Fig. 8. Fragility model giving the relative probabilities of damage 
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Fig. 9. Assessment of the performance point for different PGA levels (seismic events) 
 
 

 

Fig. 10. Fragility model giving the relative probabilities of damage (in PGA) 
 
 
6 Conclusions 

In this study, the seismic response of a reinforced 
concrete integral bridge structure is analyzed using the 
Capacity Spectrum Method, taking into account the soil-
structure interaction (SSI) through seismic spectra for soil 
class C and elastic springs for piles, calculated based on [9]. 
Its advantage over dynamic analysis is the significantly 
reduced computational time due to ignoring the dynamic part 
of the equation of motion. This type of analysis estimates the 
ultimate limit capacity of the structure well, but it fails to 
represent the development of damage at a different time 
from the seismic input. 

The estimated failure scenarios are presented along with 
the accumulated damage and deformations in the structure. 
Subsequently, the so-called fragility model and the 

conditional probabilities for reaching four levels of damage 
are defined. For the studied seismic excitation (catastrophic 
earthquake) with a maximum peak ground acceleration PGA 
= 0.8 g, it is most likely that "light" to "medium" damage will 
occur in the structure. This indicates the very good seismic 
capacity of the newly designed facilities according to current 
modern regulatory documents (Eurocode). Discrete damage 
probabilities can be used as input data for the determination 
and valuation of various losses and damages in the 
structures. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

This paper presents a comprehensive reliability assessment of prestressed 
concrete bridges in Pakistan subjected to prevailing truck traffic conditions. The 
study compares actual load effects from weigh-in-motion (WIM) data with design 
specifications from the Pakistan Highway Bridge (PHB) Code (1967) and AASHTO 
LRFD. Statistical analysis of axle weights, configurations, and gross vehicle weights 
(GVW) reveals that 72.7% of trucks exceed legal load limits, with 5-axle trucks 
showing 97% non-compliance. Reliability analysis using First-Order Second 
Moment (FOSM) methods indicates that existing bridge designs exhibit significant 
variations in safety margins, with reliability indices (β) ranging from 2.51 (Chitral 
Bridge) to 5.6 (Bannu Road Bridge). The results demonstrate that current design 
codes do not accurately represent Pakistan's truck traffic, leading to potential 
overstressing or underutilization of bridges. The study recommends revising live 
load models based on empirical traffic data and implementing stricter enforcement 
of weight regulations to enhance bridge safety and longevity. 
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1 Introduction 

The development of accurate live load models for bridge 
design represents a critical intersection between structural 
reliability theory and transportation engineering practice. 
Contemporary research has demonstrated that the 
probabilistic characterization of traffic loads constitutes the 
most uncertain component in bridge reliability analysis [1]. 
The evolution of live load modeling has progressed 
significantly since the early deterministic approaches, with 
current methodologies emphasizing site-specific calibration 
using Weigh-in-Motion (WIM) data and extreme value 
statistics [2]. The AASHTO LRFD specifications [3], derived 
from extensive WIM studies conducted in North America 
during the 1980s and 90s [4], represent a landmark 
achievement in reliability-based bridge design. However, as 
highlighted by Caprani et al. [5], the direct application of 
these models to developing countries often leads to 
significant discrepancies due to variations in truck 
configurations, enforcement practices, and traffic growth 
patterns. 

Recent advances in structural reliability theory have 
enabled more sophisticated treatment of live load 
uncertainties. Melchers, Robert E., and André T. Beck [6] 
have shown that modern Bayesian updating techniques can 
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effectively incorporate WIM data into time-dependent 
reliability assessments, particularly for bridges subjected to 
increasing traffic volumes. This is especially relevant for 
Pakistan's context, where studies by Hafeez et al.  [7] have 
documented alarming trends in truck overloading, with gross 
vehicle weights frequently exceeding legal limits by 30-50%. 
The situation mirrors challenges observed in other 
developing nations, where Ghosh et al. [8] reported similar 
discrepancies between code-specified loads and actual 
traffic conditions in Brazil and India. 

The reliability assessment of prestressed concrete 
bridges presents unique challenges due to the time-
dependent nature of prestress losses and material 
degradation. Fan, Ziyuan, et al [9] developed a 
comprehensive framework for incorporating these effects 
into reliability analysis, demonstrating that conventional 
safety factors may become unconservative over extended 
service periods. This finding is particularly pertinent to 
Pakistan's bridge inventory, where many structures designed 
to the outdated PHB Code [10] now face traffic loads far 
exceeding original assumptions. Statistical handling of traffic 
data, such as axle weight and configuration, plays a 
significant role in determining the loads carried on bridges. 
This may indicate non-adherence to regulatory load 
requirements, as seen in Pakistan's truck traffic analysis [11]. 
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Emerging research has also highlighted the importance 
of considering multiple presence effects in reliability analysis, 
particularly for medium-span bridges standard in Pakistan's 
highway network. Žnidarič et al. [12] demonstrated that 
ignoring vehicle interaction effects can lead to 
underestimation of maximum load effects by 15-20%. This 
oversight becomes increasingly significant as traffic 
densities rise, a trend well-documented in Pakistan's recent 
transportation studies [13]. The current study addresses this 
gap by employing First-Order Second Moment (FOSM) 
methods while acknowledging the need for more 
sophisticated analysis in future work. 

The literature reveals a clear imperative for Pakistan to 
develop its reliability-based design framework, building on 
international best practices while accounting for local traffic 
characteristics. As demonstrated by the European Union's 
successful implementation of region-specific load models 
[14], such an approach can achieve an optimal balance 
between safety and economy. This study contributes to this 
objective by providing the first comprehensive reliability 
assessment of Pakistani bridges using actual traffic data, 
filling a critical gap identified in recent reviews of developing 
country infrastructure [15]. 

In this study, two types of bridges were considered. For 
reliability analysis, single-loaded events were considered, 
while multiple presence effects were ignored. Code-specified 
girder distribution factors (GDF) for moment and shear were 
used from respective codes, which gives conservative 
results. Statistical characteristics (Mean and Coefficient of 
variation) for dead load (DL) and impact load (IM), resistance 
(R), and GDF were taken from previous research on the 
subject. 

2 Research aim and objectives  

The reason for this study is to really take a look at the 
sufficiency of different types of bridges based on the service-
level truck traffic passing over the bridges with a view to 
generate essential data for developing live load safety 
factors for the design of bridges in Pakistan. The specific 
objectives are:  

• Statistical characterization of live load effects (shear 
and moments) under service-level truck traffic passing over 
the bridges.  

• Statistical projection of the live load effect to 75 years 
for estimating the mean maximum load effect.  

• Check the adequacy of different types of bridges under 
the actual truck traffic passing over the bridges through 
reliability analysis. 

3 Research methodology  

This study employs a rigorous, multi-faceted research 
methodology to evaluate the reliability of prestressed 
concrete bridges in Pakistan under actual truck traffic 
conditions. The approach integrates empirical data 
collection, advanced statistical analysis, and structural 
reliability theory, aligning with international best practices 
while addressing Pakistan-specific challenges.  

The study begins with a critical review of existing bridge 
design codes, including the outdated Pakistan Highway 
Bridge (PHB) Code [10] and the modern AASHTO LRFD 
specifications [3]. This comparison highlights potential gaps 
between design assumptions and real-world conditions. 

The methodology draws on international research to 
contextualize Pakistan’s challenges within broader trends in 

developing countries, such as truck overloading and code 
discrepancies. 

 
3.1 Data Collection and Characterization 
 
3.1.1 Bridge Inventory and Selection 

• Representative Sampling: Bridges are selected based 
on span length, geometry, and material properties to ensure 
a representative sample (e.g., Chitral Bridge and Bannu 
Road Bridge). 

• Structural Parameters: Key data include girder 
dimensions (flange widths, web heights), concrete strengths 
(28–35 MPa), and prestressing details, sourced from design 
documents and field measurements. 
 
3.1.2  Traffic Load Data 

• Weigh-in-Motion (WIM) Systems: Empirical truckload 
data (axle weights, configurations, Gross vehicle 
weight(GVW) ) are collected via mobile weighing stations, 
capturing real-time traffic patterns. 

• Statistical Characterization: Axle load distributions, 
coefficients of variation (COV), and extreme values are 
analyzed. Findings reveal that 72.7% of trucks exceed legal 
limits, with 5-axle trucks showing 97% non-compliance. 

 
3.1.3  Load Effects Calculation 

• Shear and Moment Demands: Load effects are 
computed for actual truck traffic using influence line analysis, 
comparing results with PHB Code and AASHTO LRFD 
predictions. Discrepancies of 15–30% are identified, 
underscoring code inadequacies. 
 
3.2 Reliability Analysis 
 
3.2.1  Resistance Modeling 

• Material and Geometric Variability: The Resistance (R) 
of prestressed girders is modeled using statistical 
parameters (bias factors λ and COV) derived from prior 
research (e.g., λ = 1.05 for moment resistance, COV = 0.075) 
[16]. 

• Limit States: Focus on moment and shear capacity, 
accounting for time-dependent prestress losses and 
concrete degradation. 

 
3.2.2  Load and Resistance Interaction 

• First-Order Second Moment (FOSM) Method: 
Reliability indices (β) are calculated using FORM (First-
Order Reliability Method), with: 

o Load (Q): Mean (μ₀) and standard deviation (σ₀) 
from WIM data. 

o Resistance (R): Nominal values (Rₙ) adjusted for 
bias and variability. 

• Comparative Analysis: Two load combinations are 
evaluated: 

1. AASHTO LRFD: 1.25(DC) + 1.5(DW) + 1.75(LL+IM)    
2. PHB Code: 1.5(DL) + 2.5(LL+IM) 

where: 
AASHTO = American Association of State Highway 

and Transportation Officials 
LRFD = Load and Resistance Factor Design 
DC = Dead load of the component 
DW = Dead Load of weight of the structure 
LL = Live Load 
IM = Impact Load. 
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3.2.3  Reliability Index (β) Calculation 

• Target Benchmarking: Results are compared against 
AASHTO LRFD’s target β of 3.5 for strength limit states. 

a) Chitral Bridge: β = 2.51 (below target, indicating 
under-design). 

b) Bannu Bridge: β = 5.6 (overly conservative, 
suggesting cost inefficiencies) 

 
3.3 Validation and Sensitivity Analysis 

• Cross-Referencing with Global Studies: Results are 
validated against findings from similar contexts, confirming 
trends in overloading and reliability gaps. 

• Parametric Studies: The Sensitivity of β to variables like 
span length (shorter spans show higher live-load sensitivity) 
and girder geometry (e.g., web height, flange width) is 
assessed. 
 
3.4  Projection to 75-Year Service Life 

• Extreme Value Statistics: Maximum load effects over a 
75-year design life are estimated using statistical 
extrapolation techniques, ensuring long-term safety 
assessments. 

4 Results and discussion: 

The study presents a critical reliability assessment of 
prestressed concrete bridges in Pakistan, comparing actual 
truckload effects with design specifications from the Pakistan 
Highway Bridge (PHB) Code [10] and AASHTO LRFD [3]. 
The findings highlight significant discrepancies between 
code-based live load models and empirical truck traffic data, 

raising concerns about structural safety and economic 
efficiency. 

Figure 1 compares average and maximum truckloads 
from mobile weighing stations with NHA permissible limits. 
The data shows that 72.7% of trucks exceed legal limits, 
with 5-axle trucks exhibiting 97% non-compliance. This trend 
is consistent with studies in other developing nations, where 
lax enforcement and economic pressures lead to chronic 
overloading [17]. For instance, in India, WIM data revealed 
that 65–80% of trucks exceeded legal axle loads, 
accelerating bridge deterioration [18]. 

Figure 2 (Peshawar Development Authority (PDA) 
Data) illustrates the discrepancy between actual and code-
specified load effects. The shear and moment demand from 
5-axle trucks exceed PHB Code predictions by 15–30%, 
mirroring findings in Brazil, where live load models 
underestimated real traffic effects by 20–25% [19]. 

Figure 3 highlights extreme cases where maximum 
recorded loads surpass NHA limits by 40%. Such 
overloading is comparable to observations in South Africa, 
where overloaded trucks reduced bridge service life by 30–
50% [20]. 

Tables 1 (PDA Data) provide granular axle weight 
distributions, revealing that: 

• Single-unit trucks (3-axle) are 25% heavier than legal 
limits. 

• Tractor-trailers (5-axle) show higher variability (COV = 
0.35), indicating inconsistent loading patterns. 

These findings align with Nowak et al. [4], who 
emphasized that traffic variability must be incorporated into 
live load models to ensure accurate safety assessments. 

 
 

 
NHA (National Highway Authority) 

Figure 1. Comparison of average load of mobile weighting station Vs NHA permissible load and Maximum loads of mobile 
weighting station 
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PDA (Peshawar Development Authority), M.MansoorW.St (Muhammad Mansoor Weight Station) 

Figure 2. Load Comparison (PDA) 

 

 
PDA (Peshawar Development Authority), M.MansoorW.St (Muhammad Mansoor Weight Station) 

Figure 3. Maximum Load Comparison 
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Table 1. Load data provided by PDA 

Tractor With Trolley 2 Axle 3 Axle 4 Axle 5 Axle 6 Axle 

20% 47% 17% 4% 3% 9% 

 

4.1 Reliability analysis  
 
4.1.1 Resistance Model:  

The capacity of a bridge to withstand load mainly 
depends upon the resistance(R) of its components, which is 
a function of its material properties, section geometry, and 
dimensions. Table 2 below shows the statistical parameters 
for the resistance components of the prestressed concrete 
girder. 

 
4.1.2 Reliability Index (β)  

The reliability analysis in this study is based on the safety 
index calculation, also called the Reliability index (β). The 
reliability index is defined as the function of the probability of 
failure. The Equation can be written as; 

𝛽 =  
𝑅𝑛𝜆𝑅(1 − 𝐾𝑉𝑅)[1 − ln(1 −  𝐾𝑉𝑅)] − 𝜇𝑄

√{[𝑅𝑛𝜆𝑅𝑉𝑅(1 −  𝐾𝑉𝑅)]2 + (б𝑄)2}
 

where;  
𝑅𝑛 = Nominal Resistance 55  
𝜆𝑅 = Bias of Resistance  
K = Measure of shift from mean value in standard 
deviation units, assumed  
𝑉𝑅 = COV of Resistance  
𝜇𝑄 = Mean of total load or load effects  

б𝑄 = Standard deviation of total load or load effects 

For strength one limit state equation can be written as  

Q (AASHTO) = 1.25 (DC1 + DC2) + 1.5 DW + 1.75(LL + IM) 

where; 
DC1 = Dead Load of component 1 
DC2 = Dead Load of component 2 
DW = Dead Load of weight of the structure 
LL = Live Load  
IM = Impact Load 
For pre-stressed design, the equation as given in PHB 

code 1967 is；  

Q (PHB Code) = 1.5 DL + 2.5 (LL + IM) 

where; 
PHB = Preliminary Highway Bridge Code 
DL = Dead Load  
LL = Live Load 
IM = Impact Load 
The safety index (β) for pre-stressed girders has only 

been calculated considering supported sample bridges using 
the above equation for both codes separately. 

 
4.1.3 Sample Bridges  

Two bridges, along with their parameters, are selected 
for the analysis, as shown in Figure 4 and Table 3 below:  

 
 

Table 2. Statistical Parameters for Resistance Components of Prestressed Concrete Girders 

Component             Limit State  Bias Factor (λ)        COV(V) 

Material/Fabrication Moment        1.04              0.045 

 Shear 1.07                0.10 

Professional Factor Moment 1.01 0.06 

 Shear 1.075 0.10 

Resistance (R) Moment 1.05             0.075 

 Shear 1.15 0.14 
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Figure 4. Chitral and Bannu Bridge Information 
 

Table 3. Properties of Materials of Chitral & Bannu Bridge 

Parameter Chitral Bridge 
Values 

Bannu Bridge 
Values 

Unit 

Girder Concrete Strength:    

At service state 35 35 MPa 

At the time of Prestressing 28 28 MPa 

Deck Slab Concrete Strength 35 35 MPa 

 
 

A reliability analysis of two of the above bridges was 
conducted based on their capacity (resistance), total load 
effects (mean actual load), and other required coefficients 
and factors.  

The reliability analysis conducted for the Chitral Bridge 
(CB) and Bannu Road Bridge (BRB 45+400) provides critical 
insights into the safety margins of these structures under 
specified load and resistance conditions. The results are 
summarized in Table 4, with reliability indices (β) of 2.51 
(Chitral Bridge) and 5.6 (Bannu Bridge), respectively. These 
values are derived from the First-Order Reliability Method 
(FORM), considering the statistical parameters of load and 
resistance. These values are benchmarked against 
AASHTO LRFD’s target β of 3.5 for strength limit states. 

The Chitral Bridge exhibits a β of 2.51, which falls below 
the typical target range of 3.0–3.5 for bridges under strength 
limit states, as recommended by Nowak et al. [1] and 
AASHTO LRFD specifications [3]. This suggests a potential 
under-design or higher vulnerability to failure. The results are 
consistent with bridges in Nigeria, where outdated codes led 
to β < 3.0 [21]. 

In contrast, the Bannu Road Bridge achieves a β of 5.6, 
significantly exceeding the target. This indicates an overly 
conservative design, possibly leading to unnecessary 
material use and cost inefficiencies. Studies in the U.S. 
suggest that β > 4.5 often indicates excessive safety 
margins, increasing costs without proportional benefits [22]. 

Chitral Bridge resistance (R) distribution overlaps 
significantly with load effect (Q), confirming its low β. This 
aligns with [23], who found that β < 3.0 correlates with 
premature fatigue cracking. Bannu Road Bridge's wide gap 
between R and Q explains its high β, resembling over-
designed bridges in Europe [5]. 

Both bridges share identical mean applied load (μ₀ = 
6,132.34 KN-m) and coefficient of variation (V₀ = 0.195) for 
loads, derived from Weigh-in-Motion (WIM) data. However, 
the Bannu Bridge's higher nominal resistance (Rₙ = 20,700 
KN-m vs. 15,000 KN-m for Chitral) and similar bias factor (λᵣ 
= 1.05) and COV (Vᵣ = 0.075) contribute to its superior 
reliability. 

The resistance model's bias factors and COV values 
align with established literature. For instance, Nowak et al. 
[24] reported typical bias factors of 1.03–1.09 and COVs 
of 0.06–0.12 for prestressed concrete girders, corroborating 
the study's assumptions. 

• Shorter spans (<20 m) exhibit lower β due to higher 
live-load sensitivity, as observed in Nowak’s (1993) U.S. 
bridge surveys. 

• Pre-stressed concrete girders show lower COV in 
resistance (0.10–0.15) compared to steel (0.20–0.25), 
supporting their reliability advantages [2]. 
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Table 4. Reliability Index Calculation for Chitral and Bannu Bridge (75 Years) 

Parameter Symbol Chitral 
Bridge 
Value 

Bannu Bridge 
Value 

Unit Notes 

Design Life 
 

- 75 75 years  

Span Length 
 

L 35 30.00 m Supported span 

Load Characteristics 
 

     

Mean applied load 
 

μ₀ 6,132.34 6,132.34 KN-m From WIM data 

Standard deviation of 
load 
 

σ₀ 3,358 3,358.00 KN-m  

Coefficient of variation 
(load) 
 

V₀ 0.195 0.195 (19.5%) - σ₀/μ₀ 

Resistance 
Characteristics 
 

     

Nominal resistance 
 

Rₙ 15,000 20,700 KN-m Design value 

Bias factor of resistance 
 

λᵣ 1.05 1.05 - Mean/nominal ratio 

COV of resistance 
 

Vᵣ 0.075 0.075 (7.5%) - Material variability 

Reliability Analysis 
 

     

Calculated Reliability 
Index 

β 2.51 5.6  Calculated via FORM 

 
 

The Chitral Bridge's girder geometry (e.g., web height = 
1,140 mm) and material strengths (35 MPa concrete) are 
comparable to those of the Bannu Bridge (web height = 
1,350 mm, 35 MPa concrete). However, the Bannu Bridge's 

more considerable span length (30 m vs. 35 m for Chitral) 
and optimized girder dimensions (e.g., wider top flange: 900 
mm vs. 800 mm) likely enhance its resistance capacity, as 
noted in Table 5. The Girder layout is shown in Figure 5. 

 
Table 5. Geometry of Chitral Bridge and Bannu Bridge Girders 

Parameter Description Symbol Chitral Bridge 
Values 

Bannu Bridge 
Values 

Unit Visual Reference 

Top Flange Width W1gir 800 900 mm [Top Flange] 

Top Flange Thickness T1gir 205 130 mm  

1st Triangle (Top) Width W2gir 310 250 mm [Triangle 1] 

1st Triangle (Top) Height T2gir 155 70 mm  

2nd Triangle (Top) Width W3gir 100 100 mm [Triangle 2] 

2nd Triangle (Top) Height T3gir 100 100 mm  

Middle Web Width W4gir 180 200 mm [Web] 

Middle Web Height T4gir 1,140 1,350 mm  
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Triangle (Bottom) Width W5gir 210 200 mm [Triangle 3] 

Triangle (Bottom) Height T5gir 210 200 mm  

Bottom Flange Width W6gir 600 600 mm [Bottom Flange] 

Bottom Flange Thickness T6gir 290 250 mm  

 

 

Figure 5. Girder Layout 
 

The study contrasts two load combinations: AASHTO 
LRFD (Q = 1.25 (DC) + 1.5 (DW) + 1.75 (LL+IM)) and the 
older PHB Code (Q = 1.5 (DL) + 2.5 (LL+IM))). The PHB 
Code's higher live load factor (2.5) may explain the Bannu 

Bridge's elevated β, reflecting historical conservatism. 
Modern codes like AASHTO LRFD aim for balanced safety 
without excessive over-design [25]. Table 6 shows the data 
of Bannu and Chitral bridge for better comparison. 

 

Table 6. Integrated Structural, Material, Reliability, and Girder Geometry Data for Chitral and Bannu Bridges 

Parameter Symbol 
Chitral 
Bridge 

Bannu 
Bridge 

Unit 
Notes / Visual 
Reference 

Bridge Identification  Chitral Bridge 
Bannu Road 
Bridge 

 
From Figure 4 
 

Design Life - 75 75 years  
Span Length L 35 30 m Supported span 
Girder Concrete Strength     From Table 3 
- At service state - 35 35 MPa  
- At prestressing - 28 28 MPa  
Deck Slab Concrete 
Strength 

- 35 35 MPa  

Reliability Index (β) - 2.51 5.6 - 
From Table 4, via 
FORM method 

Mean Applied Load μ₀ 6,132.34 6,132.34 kN-m From WIM data 
Standard Deviation of σ₀ 3,358 3,358 kN-m  
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Load 
Coefficient of Variation 
(Load) 

V₀ 0.195 (19.5%) 0.195 (19.5%) - σ₀ / μ₀ 

Nominal Resistance Rₙ 15,000 20,700 kN-m Design value 
Bias Factor of Resistance λᵣ 1.05 1.05 -  
Coefficient of Variation 
(Resistance) 

Vᵣ 0.075 (7.5%) 0.075 (7.5%) - Material variability 

Girder Geometry:     
From Figure 5 and 
Table 5 

Top Flange Width W1gir 800 900 mm  
Top Flange Thickness T1gir 205 130 mm  
1st Triangle Width (Top) W2gir 310 250 mm  
1st Triangle Height (Top) T2gir 155 70 mm  
2nd Triangle Width (Top) W3gir 100 100 mm  
2nd Triangle Height (Top) T3gir 100 100 mm  
Middle Web Width W4gir 180 200 mm  
Middle Web Height T4gir 1,140 1,350 mm  
Triangle (Bottom) Width W5gir 210 200 mm  
Triangle (Bottom) Height T5gir 210 200 mm  
Bottom Flange Width W6gir 600 600 mm  
Bottom Flange Thickness T6gir 290 250 mm  

 
 
5 Conclusions  

1. Pakistan's actual truck traffic has significantly 
different axle weights, axle configurations, and GVW than the 
values specified by the NHA Legal Load limits.  

2. The load effects caused by actual truck traffic are 
much higher in some cases and much lower than those 
caused by live load models of the PHB Code and AASHTO 
Specification. Thus, bridges may be significantly 
overstressed, which may reduce their design life.  

3. The safety index ‘β’ is considerably below or above 
the target value for both shear and moment. Hence, the 
existing live load model of the PHB Code and NHA legal 
limits are not accurate representations of Pakistan's actual 
truck traffic. 

Recommendations  

1. The existing live load model of the PHB Code does 
not accurately represent Pakistan's actual truck traffic; 
therefore, the Live load model needs to be revised and 
developed according to the actual truck traffic in Pakistan. 

2. More stringent NHA legal load limits may be enforced.  
3. Based on this study, it is recommended that reliability 

analyses of more bridges be carried out, and a new live load 
model may be developed if a similar lower safety level is 
found in those cases. 
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