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Abstract

This paper presents a comprehensive experimental investigation into the mix
design and mechanical behaviour of five structural concrete grades (C20/25 to
C40/50) used in the construction of the 4* Abidjan Bridge, Cote d’Ivoire. Mix
proportions were established using the Dreux-Gorisse method and two ce-
ment types: CPA-CEM 1/52.5N (ordinary Portland cement) and CHF-CEM
I1I/B 42.5 L-LH/SR (blast-furnace slag cement). The influence of three key pa-
rameters—cement content, water-to-cement ratio (W/c), and cement type—
on fresh-state consistency and 7- and 28-day compressive strength was sys-
tematically assessed through standardised slump tests (NF EN 12350-2) and
compression tests on cylindrical specimens (NF EN 12390-3). Results demon-
strate that increasing cement content from 275 to 400 kg/m” is associated with
a 55% increase in 28-day compressive strength, while reducing the w/c ratio
from 0.62 to 0.44 is associated with a 50% strength gain; because cement type,
aggregate proportions and admixture dosage also varied among the mixes
compared, these values reflect differences between complete mix formulations
rather than isolated effects of cement content or w/c ratio alone. At identical
cement dosages (380 kg/m?®), CEM I develops 7-day strengths approximately
21% higher than CEM III/B, whereas 28-day strengths converge within 3%,
although the mixes compared also differed in w/c ratio and superplasticiser
dosage. The mean compressive strength of each grade, based on at least three
specimens, exceeded the corresponding target strength class defined under NF
EN 206-1; a mean value alone, however, does not constitute the statistical
characteristic-strength or conformity assessment required by the standard.
The findings are consistent with recent literature on hydration kinetics, capil-
lary porosity, and admixture performance, and provide actionable quality-
control guidelines for ready-mix concrete production in tropical coastal set-
tings.
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1. Introduction

Concrete is the most widely used construction material in the world, with annual
global production exceeding ten billion tonnes [1]. Its widespread adoption stems
from its high compressive strength, versatility, and relative cost-effectiveness com-
pared with alternative structural materials. In sub-Saharan Africa, rapid urbani-
sation and demographic growth are generating unprecedented demand for road
infrastructure and large-scale civil engineering structures, making concrete qual-
ity a critical concern for the safety and longevity of new assets [2].

The compressive strength of concrete, measured on cylindrical or cubic speci-
mens at 28 days of age, is the primary benchmark for structural design and quality
control under EN 206-1 and EN 12390 [3]. This property is governed by a complex
interplay of mix composition variables and curing conditions. Among these, ce-
ment content, water-to-cement ratio (w/c), and cement type are universally rec-
ognised as the most influential parameters [4] [5].

Recent experimental studies have further quantified these relationships. It has
been demonstrated [6], through uniaxial compression tests and ultrasonic velocity
measurements, that higher w/c ratios produce greater initial porosity and a more
pronounced pore-compaction stage, both detrimental to mechanical performance.
At equal dosage, CEM I1I blast-furnace slag cement has been shown [7] to achieve
compressive strengths comparable to CEM I at 28 days, while offering signifi-
cantly lower permeability—a critical advantage in chloride-rich environments.
Regarding admixtures, it has been confirmed [8] that polycarboxylate-based su-
perplasticisers, when dosed correctly, enhance both workability and long-term
compressive strength by allowing substantial water reduction without loss of con-
sistency.

The construction site of the 4th Abidjan Bridge (Cote d’Ivoire) offers an ideal
field laboratory for investigating these parameters in a tropical coastal context.
The project involves five distinct concrete grades, ranging from C20/25 blinding
concrete to C40/50 prestressed box-girder concrete, exposed to a range of aggres-
sive environments (XC2-XC4, XS1-XS3, XF1, XAl). The Dreux-Gorisse method—a
widely adopted semi-empirical grapho-analytical mix design procedure in Fran-
cophone Africa—was used to establish the proportions of each grade from locally
characterised aggregates [9].

This paper has three objectives: 1) to present the complete mix design proce-
dure for the five concrete grades; 2) to analyse experimentally the individual ef-
fects of cement content, w/c ratio, and cement type on compressive strength at 7

and 28 days; and 3) to derive practical quality-control recommendations for ready-

DOI: 10.4236/0jce.2026.163029

578 Open Journal of Civil Engineering


https://doi.org/10.4236/ojce.2026.163029

B. Diouf et al.

mix concrete production in tropical coastal environments. Experimental results
are systematically compared with current international literature to contextualise
the findings within the broader state of knowledge.

2. Materials and Methods
2.1. Aggregates

Four aggregate classes were sourced from the batching plant stockpiles: fine sand
0/2, coarse sand 0/5, gravel 5/12.5, and gravel 12.5/25. The maximum aggregate
size is Dmax = 25 mm, as required by the structural specifications of the project.
The particle density of sands 0/2 and 0/5 is 2.65 and 2.68 kg/L, respectively, with
fineness moduli of 2.0 and 2.8. The sand equivalent of the 0/2 sand is 90%, well
above the minimum threshold of 65% required by the standard. The Los Angeles
abrasion values of gravels 5/12.5 and 12.5/25 are 25.1% and 27.7%, respectively,
both conforming to the maximum limit of 30% prescribed for structural concrete

[10]. Aggregate properties are summarised in Table 1.

Table 1. Physical properties of aggregates.

Particle density Fineness  Sand equivalent LA abrasion

Aggregate class (kg/L) modulus (%) (%)
Sand 0/2 2.65 2.0 90 -
Sand 0/5 2.68 2.8 - -

Gravel 5/12.5 - - - 25.1
Gravel 12.5/25 - - - 27.7

2.2. Cements

Two Portland-based cements manufactured by LafargeHolcim were used, selected
according to the structural function and environmental exposure class of each
concrete element. The CPA-CEM 1/52.5N is a pure Portland cement with a char-
acteristic 28-day compressive strength of 58.7 MPa. The CHF-CEM III/B 42.5 L-
LH/SR is a blast-furnace slag cement with low heat of hydration and high sulfate
resistance, achieving 49.4 MPa at 28 days. The latter is particularly appropriate for
elements exposed to aggressive environments (classes XS and XA), where alkali-
silica reaction and sulfate attack are identified risks [11]. Chemical compositions

and physical properties are presented in Table 2 and Table 3, respectively.

Table 2. Chemical composition of cements (Source: LafargeHolcim technical data sheets).

Si02;  ALO; Fe:Os CaO MgO SO Cl

Cement type (%) (%) (%) (%) (%) (%) (%)

CPA-CEM I/52.5N 20.24 4.91 3.22 61.82 1.57 2.87 <0.1

CHF-CEM III/B 42.5

24.27 6.37 2.27 51.75  4.02 3.15 <0.1
L-LH/SR
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Table 3. Physical properties of cements (Source: LafargeHolcim technical data sheets).

Initial  Final
Cement type set set
(min) (min)

Blaine Rc2d Rc7d Rc28d
(m?*/kg) (MPa) (MPa) (MPa)

CPA-CEM I/52.5N 131 204 4162 32.8 46.6 58.7

CHF-CEM III/B 42.5

145 230 4085 14.5 28.0 49.4
L-LH/SR

2.3. Chemical Admixtures

Two admixtures were incorporated in all five mixes. PLASTIRETARD, a set-
retarding admixture, was used at a dosage of 0.2% by mass of cement. Its role is
to maintain workability during transit from the batching plant to the pour loca-
tions, given the severe road-congestion conditions in urban Abidjan. TEMPO-
12, a polycarboxylate ether (PCE) superplasticiser, was dosed between 1.3% and
2.2% by mass of cement, depending on the target strength class. It enables a
substantial reduction in mixing-water content while preserving the S4 consistency
class (slump 160 - 210 mm) required by the project specifications. The positive
effect of PCE superplasticisers on both workability and compressive strength
through water reduction has been confirmed by multiple recent studies [8]
[12].

2.4. Mix Design Procedure - Dreux-Gorisse Method

The Dreux-Gorisse method is a semi-empirical grapho-analytical approach that
determines optimum constituent proportions from the reference grading curve
and the target compressive strength [13]. Key design inputs include the target
strength fos, the cement-to-water ratio (C/W), the NF EN 206-1 exposure classes,
and the desired consistency class. The method systematically accounts for local
aggregate grading characteristics and incorporates iterative corrections based on
reception testing, making it particularly well suited to African construction sites
where aggregate properties can vary significantly from batch to batch [9].

Five formulations were developed in accordance with the exposure and strength
classes defined under NF EN 206-1, ranging from blinding concrete (C20/25, class
X0) to prestressed box-girder concrete (C40/50, classes XC4-XF1-XS1). All mixes
target the S4 consistency class (slump 160 - 210 mm). The resulting mix propor-

tions are presented in Table 4.

2.5. Experimental Programme

2.5.1. Sampling and Specimen Preparation

Fresh concrete samples were collected directly from ready-mix trucks at the pour
locations in accordance with NF EN 12350-1. Cylindrical specimens (#160 mm x
H320 mm) were cast in steel moulds and compacted with a vibrating needle in
three equal layers (NF EN 12390-2). After demoulding at a minimum age of 16

hours, specimens were stored in water at 20°C + 2°C until the test date.
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Table 4. Mix proportions of the five concrete formulations (Dreux-Gorisse method).

Constituent

Mix 1 C20/25 Mix 2 C30/37 Mix 3 C35/45 Mix 4 C35/45 Mix 5 C40/50

Cement type
Cement content (kg/m?)
Sand 0/2 (kg/m?)
Sand 0/5 (kg/m?)

Gravel 5/12.5 (kg/m?)
Gravel 12.5/25 (kg/m?)
Water (L/m?)

w/c ratio
Superplasticizer TEMPO-12 (L)

Retarder PLASTIRETARD (L)

CEMIII/B42.5 CEMIII/B42.5 CEMIII/B42.5 CEM I 52.5N CEM152.5N

275 360 380 380 400
403 385 398 394 388
425 385 398 394 388
425 465 420 454 410
696 697 687 643 670
170 164 168 179 184
0.62 0.46 0.44 0.47 0.46
4.95 6.48 6.84 8.36 8.00
0.55 0.72 0.76 0.76 0.80

2.5.2. Slump Test

Fresh concrete workability was assessed using the Abrams cone slump test (NF
EN 12350-2). The standard cone (base $200 mm, top $100 mm, height 300 mm)
was filled in three layers, each rodded 25 times. The slump was measured imme-
diately after cone removal. The target range of 160 - 210 mm corresponds to con-

sistency class S4.

2.5.3. Compressive Strength Test

Compressive strength was determined at 7 and 28 days of age in accordance with
NF EN 12390-3, using a hydraulic press conforming to NF EN 12390-4. Loading
faces were capped with molten sulfur to ensure planarity and parallelism. A con-
stant loading rate of 0.5 MPa/s was applied throughout each test (within the per-
missible range of 0.2 - 1.0 MPa/s).

3. Results and Discussion

3.1. Effect of Cement Content

Figure 1 summarises the average compressive strengths recorded at 7 and 28 days
for Mixes 1 (275 kg/m?), 2 (360 kg/m?), and 5 (400 kg/m?), together with the meas-
ured slump and w/c ratio.

Mixes 1, 2 and 5 are compared here as three complete mix formulations con-
taining 275, 360 and 400 kg/m’ of cement, respectively; these formulations also
differ in w/c ratio (0.62, 0.46 and 0.46), and, more generally, in aggregate propor-
tions and admixture dosage, so the comparison reflects associations between com-
plete formulations rather than the isolated effect of cement content. A strong posi-
tive association is observed between the mix formulations and 28-day compressive
strength: the change from 275 to 360 kg/m’ of cement (accompanied by a reduction
in w/c from 0.62 to 0.46) is associated with a strength gain of approximately 33%
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Figure 1. Compressive strength as a function of cement content (mean values).

(32.8 > 43.5 MPa), while the further change from 360 to 400 kg/m? of cement (w/c
held at approximately 0.46) is associated with an additional 16% gain (43.5 > 50.7
MPa). This behaviour is consistent with the greater quantity of calcium silicate
hydrates (C-S-H) and calcium aluminate hydrates (C-A-H) formed during hydra-
tion, which constitute the binding matrix responsible for mechanical resistance
[14], although part of the gain between Mixes 1 and 2 may also reflect the concur-
rent reduction in w/c ratio.

The diminishing marginal return observed at higher dosages (2755360 versus
360->400 kg/m?) is consistent with findings in the literature [4], indicating that
excess unreacted clinker in highly dosed concretes contributes little to ultimate
strength. Across all three grades, the measured mean compressive strengths com-
fortably exceed the target strength values prescribed by NF EN 206-1 for each
class, a favourable indication of the Dreux-Gorisse formulations’ performance;
this observation, however, is based on mean values only and does not by itself
constitute the formal conformity assessment defined by the standard, which ad-
ditionally requires data on the number of batches tested and the associated varia-
bility.

3.2. Effect of Water-to-Cement Ratio

To examine the association between the w/c ratio and compressive strength, Mixes
1 (w/c=0.62),3 (w/c=0.44), and 4 (w/c = 0.47) were compared. These mixes also
differ in cement content (275, 380 and 380 kg/m?), cement type (CEM III/B for
Mixes 1 and 3, CEM I for Mix 4), aggregate proportions, and admixture dosage,
so the comparison should be read as an association between mix formulations rather
than an isolated w/c effect. Figure 2 summarises the results.

A clear inverse association is found between the w/c ratio and compressive
strength at both test ages. Reducing the w/c ratio from 0.62 (Mix 1) to 0.44 (Mix
3) is accompanied by an increase in 28-day compressive strength from 32.8 to
49.3 MPa (a 50% gain); however, Mixes 1 and 3 also differ in cement content (275

vs 380 kg/m?), so this gain cannot be attributed to the w/c ratio alone. Comparing
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Figure 2. Effect of w/c ratio on compressive strength.

Mix 3 (w/c = 0.44) to Mix 4 (w/c = 0.47) shows only a marginal variation in 28-
day strength (49.3 vs 50.5 MPa); differences in cement type, aggregate propor-
tions, and superplasticiser dosage between Mixes 3 and 4 are additional confound-
ing factors, so this comparison likewise does not isolate the effect of the w/c ratio
and must be interpreted with care.

These results are consistent with the Féret-Abrams law relating strength to the
C/W ratio [5]. Further evidence from ultrasonic pulse velocity measurements [6]
shows that concretes with lower w/c ratios exhibit lower initial porosity and a less
distinct pore-compaction stage during loading, resulting in superior mechanical
performance. Reducing the w/c ratio also diminishes the volume of capillary pores
that remain unfilled after hydration, thereby improving durability against the chlo-
ride and sulfate ingress characteristic of the marine coastal environment of the
Abidjan site [7].

3.3. Effect of Cement Type

The association between cement type and compressive strength was examined by
comparing Mixes 3 (CHF-CEM III/B 42.5 L-LH/SR) and 4 (CPA-CEM 1/52.5N),
which share an identical cement dosage of 380 kg/m? but differ in w/c ratio (0.44
vs 0.47), aggregate proportions, and superplasticiser dosage (6.84 vs 8.36 L); con-
sequently, the strength differences reported below cannot be attributed solely to
cement type. Figure 3 presents the results.

At 7 days, CEM I concrete (Mix 4) develops a compressive strength of 38.8 MPa
compared with 32.0 MPa for CEM III/B concrete (Mix 3), a differential of ap-
proximately 21%; as noted above, this differential reflects an association between
two mix formulations that also differ in w/c ratio and superplasticiser dosage, not
a controlled cement-type effect. Part of this early-strength difference is nonethe-
less consistent with the faster hydration kinetics of high-CsS Portland cement

clinker relative to the pozzolanic reaction of ground granulated blast-furnace slag,
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Figure 3. Effect of cement type on compressive strength at equal dosage (380 kg/m?).

which requires the presence of portlandite (Ca(OH),) released by clinker hydra-
tion and proceeds more slowly, particularly at low curing temperatures [11].

By 28 days, however, the strengths converge: 50.5 MPa for CEM I versus 49.3
MPa for CEM III/B, a difference of less than 3%. This pattern aligns closely with
findings reported in the literature [7], showing that, at equal dosage and with the
same aggregate type, CEM III concrete achieves 28-day compressive strengths com-
parable to CEM I while providing substantially lower gas permeability and initial
water absorption—properties of particular importance for durability in chloride-
rich coastal environments. In the context of the Abidjan Bridge, the use of CEM
III/B for submerged and buried elements (foundations, piles) where rapid early-
strength gain is not required is therefore well justified from a durability stand-
point, while CEM I is appropriately deployed for the box-girder elements requir-

ing fast formwork removal.

3.4. Fresh Concrete Workability

All five concrete mixes achieved slump values in the range 160 - 210 mm, con-
forming to the target S4 consistency class. This confirms the effectiveness of the
combined use of TEMPO-12 superplasticiser and PLASTIRETARD set retarder
in maintaining workability over the transit duration from plant to site without
increasing the w/c ratio. Optimal PCE superplasticiser dosing enables water re-
ductions of 15% - 30% while preserving target slump, with a net positive effect on
28-day compressive strength [12]. The consistency results thus validate the ad-

mixture selection strategy adopted for the project.

4. Conclusions

This study investigated the mix design and key factors governing the mechanical

behaviour of five structural concretes (C20/25 to C40/50) used in the construction
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of the 4" Abidjan Bridge, Cote d’Ivoire. Using the Dreux-Gorisse method and two
cement types (CEM 1/52.5N and CEM III/B 42.5 L-LH/SR) in combination with
PCE superplasticiser and set retarder, the following conclusions are drawn:

1) Cement content shows a strong positive association with compressive strength:
across the mix formulations compared (which also differ in w/c ratio, cement type,
and admixture dosage), increasing the dosage from 275 to 400 kg/m? is accompa-
nied by an approximately 55% rise in 28-day strength, with a diminishing mar-
ginal return above 360 kg/m’. All five grades meet or exceed their target strength
class under NF EN 206-1 on the basis of mean values from at least three speci-
mens; a full statistical conformity assessment, as defined by the standard, would
additionally require the number of batches tested and the associated variability.

2) The w/c ratio shows a strong association with both strength and durability.
Reducing the w/c ratio from 0.62 to 0.44 is accompanied by a 50% gain in 28-day
compressive strength, consistent with denser C-S-H matrix formation and re-
duced capillary porosity; as the mixes compared also differ in cement content,
cement type, and admixture dosage, this gain should be read as an association
across formulations rather than an isolated w/c effect.

3) Cement type is associated with the rate of early-strength development. CEM
1/52.5N develops 7-day compressive strengths approximately 21% higher than
CEM III/B 42.5 at equal dosage, while 28-day strengths converge within 3%; be-
cause the mixes compared also differ in w/c ratio and superplasticiser dosage, this
comparison should be interpreted as an association between formulations rather
than an isolated cement-type effect. In aggressive coastal environments, CEM III/B
is preferred for buried and submerged elements owing to its superior resistance
to chloride and sulfate ingress.

4) The combined use of a PCE superplasticiser and a set retarder enables the S4
consistency class to be maintained during transit without increasing the w/c ratio,
thereby preserving mechanical performance.

These conclusions have broad applicability to concrete infrastructure projects
in tropical coastal settings. Future research directions include long-term durabil-
ity assessment (accelerated carbonation, chloride migration tests) and the integra-
tion of supplementary cementitious materials (fly ash, silica fume, rice husk ash)
as partial cement replacements to reduce the carbon footprint of concrete produc-

tion while maintaining structural performance.
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